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Abstract 
The present thesis investigates the grain refinement in solidifying Al-7wt%Si hypoeutectic alloy 
driven by electric currents. The grain size reduction in alloys generated by electric currents 
during the solidification has been intensively investigated. However, since various effects of 
electric currents have the potential to generate the finer equiaxed grains, it is still argued which 
effect plays the key role in the grain refinement process. In addition, the knowledge about the 
grain refinement mechanism under the application of electric currents remains fragmentary and 
inconsistent. Hence, the research objectives of the present thesis focus on the role of electric 
current effects and the grain refinement mechanism under the application of electric currents.  
Chapter 1 presents an introduction with respect to the subject of grain refinement in alloys driven 
by electric current during the solidification process in particular, including the research objectives; 
the research motivation; a brief review about the research history; a short introduction on the 
electric currents effects and a review relevant to the research status of grain refinement 
mechanism. 
Chapter 2 gives a description of research methods. This chapter shows the employed experiment 
materials, experimental setup, experimental procedure, the analysis methods of solidified samples, 
and numerical method, respectively. 
Chapter 3 focuses on the role of electric current effects in the grain refinement process. A series 
of solidification experiments are performed under various values of effective electric currents for 
both, electric current pulse and direct current. The corresponding temperature measurements and 
flow measurements are carried out with the increase of effective electric current intensity. 
Meanwhile, numerical simulations are conducted to present the details of the flow structure and 
the distribution of electric current density and electromagnetic force. Finally, the role of electric 
current effects is discussed to find the key effect in the grain refinement driven by electric 
currents. 
Chapter 4 investigates the grain refinement mechanism driven by electric currents. This chapter 
mainly focuses on the origin of finer equiaxed grain for grain refinement under the application of 
electric current on account of the importance of the origin for understanding the grain refinement 
mechanism. A series of solidification experiments are carried out in Al-7wt%Si alloy and in high 
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Abstract 
purity aluminum. The main origin of equiaxed grain for grain refinement is concluded based on 
the experiment results. 
Chapter 5 presents three further investigations based on the achieved knowledge in chapter 3 and 
4 about the role of electric current effects and the grain refinement mechanism. According to the 
insight into the key electric current effect for the grain refinement shown in chapter 3, this 
chapter presents a potential approach to promote the grain refinement. In addition, the solute 
distribution under the influence of electric current is examined based on the knowledge about the 
electric current effects. Moreover, the grain refinement mechanism under application of travelling 
magnetic field is investigated by performing a series of solidification experiments to compare 
with the experiments about the grain refinement mechanism driven by electric currents shown in 
chapter 4.  
Chapter 6 summarizes the main conclusions from the presented work. 
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1 
1. Introduction 
This chapter presents the research objectives, the research motivation, the research history, the 
electric currents effects and the research status of grain refinement mechanism, respectively. The 
alloys with finer grain size possess higher comprehensive mechanical properties and are of high 
commercial attraction to the production of high-performance structural alloys. In this thesis, the 
grain refinement in solidifying alloys driven by electric currents will be investigated.  
In order to give an introduction about this subject, the research history is reviewed firstly. Then, 
the following section gives briefly some fundamentals of electric currents effects and a literature 
review on the role of electric currents effects in the grain refinement process. Finally, the 
reviewed literature presents the research status of the grain refinement mechanism. The classical 
nucleation theory and the grain refinement mechanism in the ingots or casting without the 
application of electric currents are also given as a base for well understanding the grain 
refinement mechanism driven by electric currents. The reviewed literature shows that the 
knowledge about the role of electric current effects and the grain refinement mechanism driven 
by electric currents remains fragmentary and inconsistent. Hence, these two points will be 
investigated in the present thesis.  
1.1 Research objectives 
This thesis is devoted to understanding the grain refinement of alloys driven by electric currents 
during the solidification process. In order to approach this aim, we will concern the role of 
various electric currents effects in the grain refinement firstly. Since there are various effects 
having the potential to generate the grain size reduction, a series of experiments and systematic 
numerical simulations will be performed to find which effect plays the dominant role in the grain 
refinement of alloys. The grain refinement mechanism under the application of electric current 
will be investigated. On account of the fact that the grain refinement formation mainly depends 
on origins of the finer equiaxed grains, the possible origins of the equiaxed grains will be 
investigated based on a series of solidification experiments. 
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Chapter 1 Introduction 
1.2 Research motivation 
High-performance structural alloys are urgently required in the daily life of human beings, 
particularly in the automobile and aircraft industries. The application of high-performance 
structural alloys can reduce the weight of vehicles as well as the consumption of energy. In 
addition, the safety and stability of vehicles can be guaranteed or even promoted. Hence, the 
development of high-performance structural alloys is of high commercial importance and there 
has been paid much attention to it in the academic and industrial world, especially to the 
development of high-performance iron, titanium, magnesium and aluminum alloys [1-4].  
The tensile strength of alloys can be dramatically enhanced by reducing the grain size in alloys. 
The famous Hall-Petch formula shows the relationship between the grain size and the yield 
strength, which is [5, 6]: 
0
y
y
k
d
V V   (1.1) 
where ıy is the yield strength, ı0 is a constant representing the starting stress for dislocation 
movement (friction stress), ky is the strengthening coefficient reflecting the relative hardening 
contribution of grain boundaries (a constant specific to each material), and d is the average grain 
diameter. 
Moreover, it has been recognized for many years that the tensile strength of alloys can be 
promoted by approaches of solid-solution strengthening, precipitation strengthening, secondary 
phase strengthening or strain hardening. These approaches have been applied to obtain the 
high-performance structural alloys [7-9]. However, most of the approaches generate an undesired 
influence on the plasticity of alloys. Only the grain refinement, grain size reduction, can 
guarantee or even improve the plasticity of alloys [7]. According to the deformation theory [10], 
the higher numbers of grains allow the higher deformation as well as the enhanced plasticity.  
Aluminum and its alloys have the characteristic properties of high strength over weight ratio, 
good formability, good corrosion resistance, and easy recycling. Hence, aluminum and its alloys 
are widely used to replace heavier materials to achieve the weight reduction demand in the 
industries, in particular for the automotive and aerospace industries [2, 11, 12]. Figure 1.1 shows 
the world production of aluminum from 2000 to 2014 [13]. It can be observed that the demand of 
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aluminum has gradually increased within the recent fifteen years. In 2014, the production was as 
high as 53,127,000 tons. 
As one of the most important Al alloys, Al-Si alloys have been intensively investigated. Such 
kind of alloys do not only present the characteristic properties owned by all Al alloys, but also 
possess other attractive properties owing to the addition of silicon, such as high fatigue strength, 
good wear resistance, low thermal expansion, good castability and machinability, and so on [14]. 
Hence, the present thesis will focus on the grain refinement in Al-Si alloys. 
Achieving finer grain size methods has been intensively investigated from the last century on. 
The most famous method is the plastic deformation technique, which has shown the capability of 
producing ultrafine grain sizes in the sub-micrometer or nanometer range, such as the 
equal-channel angular pressing [15] and the high-pressure torsion [16]. However, it is well 
known that almost all alloys experience a solidification process in the initial preparing stage 
(before the plastic deformation procedure). It has been found that the solidification process plays 
a key role in the final structure formation of alloys. Moreover, since the following processing 
procedures may be avoided by controlling the structure during the solidification process, it can be 
regarded as an energy saving approach. Hence, triggering the grain refinement during the 
solidification process is of high commercial importance.  
Generally, two typical macrostructures can be obtained in the solidified alloys, columnar and 
equiaxed grains. A large number of equiaxed grains can be produced during the grain refinement 
process. Numerous techniques have been developed to obtain finer equiaxed grains in alloys 
during the solidification process, such as the technique of adding grain refiner [17-25], ultrasonic 
vibration [26-32], mechanical stirring [33-38], and electromagnetic fields [39-101]. The most 
intensively investigated technique is the addition of grain refiner in alloys. The remarkable grain 
refinement is achieved because of the really higher effective nucleation numbers obtained by the 
addition of the nucleating agents. Some kinds of grain refiners have been applied in the industry, 
especially for the production of aluminum alloys and magnesium alloys. But, there are some 
limitations for this technique. The most significant disadvantage is that the employed grain 
refiners without good dispersion lead to the non-uniform grain size. Moreover, the special grain 
refiner should be developed for each kind of alloys, and the operation process is complex. Only 
1-3% of the added particles can be activated as the nuclei, and the impurity of the grain refiner 
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would sometimes change the designing properties of alloys [24].  
Ultrasonic vibration treatment is another attractive way to cause the grain refinement [26-32]. 
Two effects induced by the ultrasonic vibration, the cavitation and melt agitation, are considered 
to cause the reduction in grain size. However, several disadvantages are found in this technique. 
Since the highest intensity of cavitation is near the surface of the immersed ultrasonic vibrator, 
the refined region is confined surrounding the ultrasonic vibrator and leading to the 
inhomogeneous macrostructure in samples, especially in the large scale ingots. Moreover, the 
oscillating vibrator is rapidly dissolved in the high temperature molten alloys.  
It has been recognized for many years that the grain refinement in alloys can be initiated through 
the agitation induced by mechanical stirring [33-38]. However, it is unfortunate that the solid 
impeller immersed into the melt cannot be stirred for a long time because of the rapid dissolution 
and the creep deformation. In addition, the construction of the mechanical stirrer decides that the 
effective stirring in the whole melt region is achieved with difficulty. 
The application of electromagnetic fields in the solidifying alloys is always attractive for the 
industries. The grain refinement induced by electromagnetic fields has been intensively 
investigated since last century. Various kinds of electromagnetic fields have been developed to 
meet the grain refinement, such as electromagnetic stirring (EMS) [39-44], electromagnetic 
vibration (EMV) [45-50], pulsed magnetic field (PMF) [51-59], and electric currents [60-101]. 
Magnetic fields, including the EMS, EMV and PMF, have two main advantages: contactless 
influence on liquid metal and easy handling, immediate control by applying different parameters. 
Similarly, as another typical electromagnetic field, electric currents are used to cause the 
reduction in grain size of alloys. However, although the interest in the grain refinement induced 
by applied electric currents in alloys during the solidification process has dramatically increased 
for the last ten years, the knowledge about the grain refinement under the impact of electric 
currents is still fragmentary and inconsistent [60-101]. Hence, the present thesis is devoted to 
investigating the grain refinement in Al-Si alloys driven by electric currents. 
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Figure 1.1: World aluminum production from 2000 to 2014 [13]. 
1.3 Research history 
This section will give a simple introduction about the research history of grain refinement in 
solidifying alloys under the application of electric currents. In 1974, Vashchenko et al. [60] firstly 
applied direct current (DC, 4-5 mA/cm2) through two electrodes in cast iron, which was 
solidified in a sand mold. One electrode was the mold frame, and the other directly connected 
with the cast iron. The size reduction of the graphite and the primary phases were observed in the 
as-solidified cast iron. In 1985, an Indian scholar, Misra [61], performed solidification 
experiments in a PbSbSn alloy in glass tubes of 5mm diameter and 100mm length. A DC of 
30-40 mA/cm2 was applied through electrodes on both ends of the tube during the solidification 
process of the alloy cooling at a vertical resistance furnace. It was found that the second phase 
was refined and uniformly distributed. Subsequently, Misra [63] studied a near eutectic PbSbSn 
alloy during the solidification process under the influence of electric current. It was observed that 
the eutectic structure was extremely refined. However, some researchers argued the experimental 
results in the PbSbSn alloy observed by Misra. They regarded that the electric current had no 
effect on the grain size. For example, Smith [64] repeated the solidification experiment under a 
DC of 50mA/cm2 and 1 A/cm2 with the same experiment conditions. The similar structure was 
obtained in both samples with and without electric current.  
The following research not only confirmed the grain refinement induced by electric currents, but 
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also attempted to understand the grain refinement process. Nakada et al. [65] conducted electric 
current pulse (ECP) by discharging a capacitor bank with extremely high voltage (~103V) in a 
cylindrical Sn-Pb alloy sample during the solidification process through two parallel copper 
electrodes immersed through the surface into the melt. It was found that the solidified structure 
was driven from dendritic to globular with distinct reduction in grain size. Then, Li [66] 
performed ECP in a near-eutectic SnPd alloy during the solidification process. The similar result 
was found, the dendrite was modified to globular under the application of ECP. In 1995, Barnak 
et al. [67] applied a high density ECP (~103 A/cm2) in two kinds of commercial near-eutectic 
SnPd alloys, which was solidified in a U-shaped Pyrex glass tube. Experimental results presented 
an increased undercooling and an order of magnitude reduction in the eutectic colony size under 
the impact of ECP. The reason for the reduction of grain size was discussed. The electromagnetic 
force can be generated by the interaction between the electric current and the self-induced 
magnetic field. Nakada et al. [65] proposed that the grain refinement was caused by the strong 
electromagnetic force breaking the dendrite. Barnak et al. [67] thought that the influence of 
electric current on the free energy and interfacial energy between the liquid and solid phase 
would induce the grain refinement. Subsequently, Qin et al. [68-71] considered the impact of 
electric current on the free energy theoretically, and concluded that the grain refinement was 
under the influence of electric current due to the reduction in the nucleation energy barrier.  
The grain refinement of alloys driven by electric currents has been systematically and intensively 
investigated in the recent fifteen years, especially by Chinese scholars. Numerous metals and 
alloys were employed as the investigated materials, including zinc [73, 80], magnesium [77, 85], 
aluminum [74-76, 78, 79, 81-83, 86-88, 93, 96, 97, 99-101] and ferrum based metals or alloys 
[84, 89, 92, 94, 98]. Gao et al. treated a zinc alloy (ZA27) with ECP during the solidification 
process. It was found that finer grains were formed [73]. The similar macrostructure was 
obtained by Xu et al. applying ECP in the ZA27 alloy [80]. Yang et al. [77, 85] performed 
solidification experiments of magnesium alloy (AZ91D) under the impact of ECP. Experimental 
results presented a transition of structure from large dendritic grains to small nondendritic grains 
driven by ECP. The most frequently investigated materials were the aluminum metals and alloys, 
in particular the commercially pure aluminum (99.7wt.%Al) and Al-Si alloys. Cui et al. [79, 83] 
found the macrostructure of the commercially pure aluminum can be modified from coarse 
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columnar grains to finer equiaxed grains. Subsequently, the apparent grain refinement in the 
commercially pure aluminum was obtained by Zhai et al. [82, 86, 87, 96] and Zhao et al. [93] 
applying ECP during the solidification process of ingots. A series of solidification experiments 
were carried out to modify the structure of Al-Si alloys by ECP [74-76, 78, 81, 88, 99]. It was 
found that ECP not only had the capability to decrease the size of the primary aluminum in the 
hypoeutectic Al-Si alloy [74-76, 81, 88], but also gave rise to the finer eutectic silicon or/and 
primary silicon phase in the Al-Si alloys [76, 78, 81, 88, 99]. In addition, the grain refinement in 
various ferrous alloys also has been investigated [84, 89, 92, 94, 98]. Zhang et al. [84] applied the 
high energy of ECP in the austenite-ferrite two phases FeCrNi alloy during the solidification 
process. The size of austenitic phase was reduced from 120ȝm to 0.6ȝm, and the ferrite phase 
was refined in the nanometer range. Ma et al. [89] reported that fine equiaxed grains were 
produced in the Fe1C1.5Cr bearing steel under the treatment of ECP. He et al. [92] observed that 
the area percentage of equiaxed grains can also be promoted in silicon steel under the treatment 
of ECP. Cao et al. [94] performed the solidification experiment of the SUS430 ferritic stainless 
steel under the influence of ECP, and found that the number of equiaxed grains were significantly 
increased. Chen et al. [98] conducted ECP in the solidifying hypereutectic high chromium cast 
iron to modify the structure from large grains to finer equiaxed grains. 
Various electric current waveforms were employed in the solidifying alloys (see figure 1.2). Cui 
et al. and Xu et al. [76, 79] used DC (see figure 1.2a) to modify the structure of commercial pure 
aluminum. The alternating current (AC, see figure 1.2b) was also applied to control the structure 
of alloys [76]. ECP generated by discharging a capacitor bank was adopted in most of the 
researches. The frequently employed waveform for ECP was a damping waveform (see figure 
1.2c) [73-75, 81, 82, 86, 87, 92-94, 96]. Moreover, Xu et al. [80] applied a rectangle waveform 
pulsed current (see figure 1.2d) in the ZA27 alloy. In addition, a series of researches were carried 
out to investigate the influence of electric current intensity and frequency on the grain size. Yang 
et al. [77, 85] found that the grain size was gradually decreased by the growing of the electric 
current intensity. Zhao et al. [93] reported that the equiaxed grains were gradually refined by 
increasing current intensity firstly, and then were coarsened when the current intensity was over a 
critical value. Ma et al. [89] investigated the effect of current intensity and frequency on the 
solidified structure in Fe1C1.5Cr bearing steel. The area percentage of equiaxed grains was 
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expanded by increasing both, the current intensity and frequency. Cui et al. [83] compared the 
effect of intensity and frequency of ECP on the macrostructure. It was proposed that the 
frequency was the more important factor. Cao et al. [94] observed the influence of current 
intensity and frequency on the grain refinement in a ferritic stainless steel and proposed that the 
current intensity played the most important role. The applying time of electric current in the 
solidifying alloys was considered to study the impact on the grain refinement. Yang et al. [77] 
presented that the longer applying time can result in finer grain size in the magnesium alloy. But, 
the largest reduction in grain size occurred in the initial period of the applying time. Liao et al. 
[82] found that the dramatic grain refinement in pure aluminum occurred during the nucleation 
period.  
The influence of electrodes configuration on the grain refinement was investigated in alloys 
under the treatment of ECP. Most of the researches performed the solidification of alloys under 
the configuration of upward-downward electrodes [77, 80-82, 85, 93]. A pair of parallel 
electrodes immersed through free surface into the melt were also employed [74, 76, 86, 88, 92, 
94, 96]. Li et al. compared the grain refinement of pure aluminum between configurations of 
upward-downward electrodes and parallel electrodes under the same inputting energy of ECP, 
and found the refiner macrostructure formed under the configuration of parallel electrodes [86]. 
Ma et al. carried out a systematic research on the effect of the electrodes position on the grain 
refinement of pure aluminum. It was found that the highest proportion of fine equiaxed grain area 
was obtained under the configuration of electrodes located at the upper and lower lateral wall of 
the mould [87]. 
The mechanical properties of alloys treated by electric currents were examined. Gao et al. and He 
et al. [73, 75] reported the enhancement of the tensile strength and elongation in zinc and A356 
alloy treated by ECP. Ding et al. [88] found that not only the tensile strength and elongation were 
increased in Al-Si alloys treated by ECP, but the micro hardness (HV) was also enhanced. 
Many explanations have been developed to discuss the grain refinement formation process under 
the application of electric currents during this research period, such as the heterogeneous 
nucleation [73, 76, 77, 85, 93], dendrite fragmentation [73-75, 77, 81, 85, 96] and crystal rain 
mechanisms [82, 86, 100]. The details of these grain refinement mechanisms driven by electric 
currents will be introduced in the section 1.5.3. 
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Figure 1.2: Schematic view of the waveform for electric currents: (a) direct current, (b) 
alternating current, (c) pulsed current with damping waveform, (d) pulsed current with rectangle 
waveform. I0: current amplitude, f: frequency and tp: pulse length.  
1.4 Electric currents effects 
To find which effects of electric currents drive the grain refinement of alloys is always the first 
step to understand the grain refinement mechanism. Many effects generated by electric currents 
have been known, such as the Joule heating, electromagnetic force, forced flow caused by 
electromagnetic force and skin effect of AC or ECP [37-50]. This section presents brief 
fundamentals of these effects firstly. Then, a literature review is performed to show the research 
status with respect to the role of each electric current effect on the grain refinement.  
(c) (d) 
 (b)(a) 
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1.4.1 Some fundamentals  
Joule heating  
Joule heating, also termed as ohmic heating or resistive heating, is a released heat when an 
electric current flows through a conductor. The amount of Joule heating density (per unit volume) 
Q can be written as:  
2
0
/
t
Q dtV ³ J  (1.2)
where t is the time, J is the electrical current density, and ı is the electrical conductivity.  
The change in temperature ǻT induced by Joule heating can be calculated by: 
/T Q C'   (1.3)
where C is the specific heat capacity per unit volume. 
Force effects 
The electromagnetic force per unit volume F in a conducting substance resulting from the 
interaction between the electric current and the self-induced magnetic field and can be calculated 
by the following equation: 
 uF J B  (1.4)
where B is the magnetic field. 
Skin effect 
When an electric current with no-constant current intensity, such as alternating electric current 
(AC) or pulsed electric current (ECP) is conducted in a cylindrical conductor, the current value is 
highest at the lateral surface and decreases exponentially along the radial direction. Such kind of 
electric current that concentrates at the “skin” of the conductor is termed as skin effect, which is 
due to opposing eddy currents generated by the self-induced magnetic field of AC or ECP. The 
current density J is described as follows: 
exp( / )d G SJ J  (1.5) 
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where JS is the current density value at the conductor surface, d is the depth from the surface and 
į is the skin depth, which is defined as the depth below the surface where the current density has 
fallen to 1/e (about 0.37) of JS. It indicates that the electric current mainly distributes in the skin 
depth, especially for the electric current with high frequency. The skin depth į can be 
approximately well calculated as: 
1/2
0( )r fG VSP P
  (1.6) 
where ȝr is the relative magnetic permeability of the conductor and f is the frequency of the 
electric current. 
Magnetohydrodynamics  
The transient state of the incompressible flow in a differential form is described by continuity 
equation: 
0   U  (1.7)
and momentum equation: 
2( ( ) ) p
t
U Pw       
w
U U U U F  (1.8)
where U, ȡ, ȝ, and p represent the velocity, the density, the molecular dynamic viscosity and the 
pressure, namely. It is evident from equation 1.8 that the electromagnetic force F in the melt acts 
as the cause of the melt flow when an electric current is conducted in a remelted alloy.  
The evolution equation for the magnetic field, B, can be written as: 
2
0
1( ) ( )
t VP
w      
w
B U B B U B  (1.9)
where ı is the electrical conductivity, ȝ0 is the permeability of vacuum. 
The electric current density, J, stated by Ohm’s law, is defined as: 
( )V  uJ E U B  (1.10)
where E is the electric field.  
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1.4.2 Role of electric currents effects in grain refinement 
Revealing the role of electric currents effects in grain refinement is of high importance because it 
is the prerequisite to investigate the grain refinement mechanism. The role of electric currents 
effects has been investigated. Yin et al. [96] indicated that Joule heating played the key role in 
the grain refinement formation. However, the electromagnetic force generated by electric current 
was supposed as the key effect by other scholars. Nakada et al. [65] firstly suggested that the 
grain refinement was generated due to the electromagnetic force. Subsequently, many researches 
proposed that the electromagnetic force caused the reduction of the grain size [74, 75, 81, 82, 86]. 
The role of the skin effect was also discussed. Liao et al. [82] proposed that the skin effect was a 
benefit for the grain refinement, but, it was not the key effect for the grain refinement. Some 
scholars also suggested that the grain refinement was controlled by the effects all together. Gao et 
al., Yang et al. and Zhao et al. [73, 77, 85, 93] proposed that the grain refinement was the result 
of combined action coupling with the electromagnetic force and Joule heating.  
Moreover, it has been recognized for many years that the fluid flow can be generated by electric 
currents [102]. Nikrityuk et al. [103] conducted a numerical study concerning the formation of an 
electro-vortex flow under a configuration of two planar electrodes at the bottom and the top of a 
cylindrical mould (see figure 1.3a). Since the diameter of cylindrical electrodes is less than that 
of the cylindrical mould, the electric current intensity, as well as electromagnetic force adjacent 
to the planar surface of electrodes, is higher than that of bulk melt. This kind of electromagnetic 
force concentration induces a force flow with a vortex ring flow pattern (see figure 1.3b). The 
forced flow generated by electric current has a potential to be the key effect on account of the fact 
that the grain refinement can be caused by the forced flow [40, 41]. However, little attention has 
been paid to the role of the forced flow in grain refinement driven by electric currents. 
As mentioned previously, it is evident that there is not a widely accepted knowledge about the 
role of the electric currents effects played in the grain refinement of alloys. This thesis will 
examine which effect plays the key role in the grain refinement formation of alloys under the 
application of electric currents.  
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Figure 1.3: (a) schematic view of the distribution of electric current (I) and electromagnetic force 
(F) in a cylindrical liquid metal (r: radius), (b) contour plot of the fluid flow (numerical 
simulation results [103]).  
1.5 Grain refinement mechanism 
In order to well present the state of the art of the grain refinement mechanism driven by electric 
current, the classical nucleation theory is introduced firstly as a fundamental. Then, five 
explanations for the equiaxed grain formation in mould-solidified ingots without external energy 
fields are presented, because some of the grain refinement mechanisms under the application of 
electric currents are evolved from them. Subsequently, the research status with respect to the 
mechanism of the grain size driven by electric currents are reviewed and discussed. Finally, a 
brief introduction of the grain refinement mechanism under the application of magnetic fields is 
performed to use for reference. 
1.5.1 Nucleation theory 
Nucleation theories have been developed about one century since the classical nucleation theories 
were established in 1920s and 1930s [104-109]. Recently, a monograph has been published by 
Kelton and Greer [110] to present a comprehensive review of the nucleation process in 
(a) (b)
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condensed systems. Here the classical nucleation theory is briefly introduced. 
Free energy changes 
The nucleation process is driven by the free energy changes during the liquid-solid phase 
transition. The volumetric free energy of solid is less than the liquid when the temperature is less 
than the melting point. Hence, the volumetric free energy change plays a “driving force” role in 
the solidification process. However, the nucleation occurs only when the melt is undercooled. For 
some critical conditions, the undercooling reaches as high as ~102K [104]. This is due to the 
appearance of interfacial free energy, which is regarded as a “resistant force” for the nucleation 
process. The volumetric free energy change ǻGv during the solidification process is described as 
[104]: 
n
m
T
v v v v nT
G g V S dT V S T V'  '   '  | ' '³  (1.11)
where ǻgv is the volumetric free energy change per unit volume, V is the volume, Tn is the 
nucleating temperature, Tm is the melting temperature, ǻSv is the entropy change per unit volume 
and ǻTn is the undercooling, defining as ǻTn = Tm-Tn 0. 
The nucleation of solid phase requires the formation of liquid/solid interface. The interfacial free 
energy change ǻGi for a nucleus of area A is defined as [104]: 
iG AD'   (1.12)
where Į is the liquid/solid interface energy. 
Homogeneous and heterogeneous nucleation 
The homogenous nucleation considers that the formation of nuclei is strictly driven by thermal 
fluctuations in a homogeneous system, ignoring the influence of any extrinsic surface, such as the 
surface of dispersed particles inside the melt, the wall of crucible, or the oxide layer. A spherical 
form is assumed for the nucleus owing to the minimum A/V ratio during the homogeneous 
nucleation process (see figure 1.4a). The total free energy change ǻG for the formation of a 
spherical nucleus of radius R is derived by summing the volumetric free energy change and the 
interfacial free energy change: 
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3 24 4
3v i v
G G G R g RS S D'  '  '  '   (1.13)
Figure 1.5 plots the ordinary relationship among the ǻG, ǻGv and ǻGi when the melt is 
undercooled, according to the Equation 1.13. The evolution of ǻG shows a maximum value, 
which indicates the formation of a nucleus must overcome an energy barrier at the critical radius 
R*. The energy barrier is also regarded as the activation energy, given by: 
*2 *4 8 0v
d G R g R
dR
S S D'  '    (1.14)
Solving Equation 1.14 gives: 
*
*
2 2
v v n
R
g S T
D D  
' ' '
 (1.15)
Substituting Equation 1.15 into Equation 1.13 gives the energy barrier ǻG* at the critical radius 
R*: 
3 3 3 3
* * *
2 2 2 * 2
32 48 16 16
3 3 3 3( )v i v v v v n
G G G
g g g S T
SD SD SD SD'  '  '      
' ' ' ' '
 (1.16)
Equation 1.16 shows that the “driving force”, volumetric free energy change ǻGv* at the critical 
radius is two third of the “resistant force”, interfacial free energy change ǻGi* at the critical 
radius. The remaining one third is the energy barrier ǻG*. There is always a spectrum of thermal 
fluctuations in the melt at any finite temperature. In the melt, the random thermal fluctuations 
create tiny solid regions (embryos) instantaneously. The greater embryos occur with high 
probability when the temperature of melt is decreased. But, these embryos are unstable before the 
undercooling of melt arrives at ǻTn*. Once the ǻTn* is achieved, the embryos, whose radius is  
R*, overcome the energy barrier ǻG* and grow continuously.  
An alternative understanding of the nucleation process focuses on the curvature of embryos in 
atomic dimensions. A large pressure difference is generated between the solid (embryos) and melt 
phases owing to the curvature. The size of the solid phase is inversely proportional to the 
curvature and to the pressure difference. According to the thermodynamic theory, the pressure 
difference changes the free energy to reduce the equilibrium temperature of the solid phase 
dramatically (Gibbs–Thomson effect). It means that the embryos with the smaller radius have the 
lower melting point. The amount of the melting point change ǻTn* for a sphere can be calculated 
as [111]: 
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*
*
2
nT K R
*'  *   (1.17) 
and R* is: 
*
*
2
n
R
T
* 
'
 (1.18) 
Where Ƚ is Gibbs–Thomson coefficient, K is the curvature, which is equal to 2/R* for the sphere. 
R* is the critical radius of sphere. It suggests that the sphere with a radius  R* is stable and grows 
continuously. The Ƚ is given as: 
vS
D*  
'
 (1.19) 
Substituting Equation 1.19 into Equation 1.18 gives: 
*
*
2
v n
R
S T
D 
' '
 (1.20) 
As for the heterogeneous nucleation, the nucleation energy barrier ǻG* is decreased if the nuclei 
were in contact with a solid substrate, such as the dispersed particles inside the melt, the wall of 
crucible, or the oxide layer. This is because the nucleus-melt interface of the nucleus is partly 
replaced by the nucleus-solid substrate interface to lower the energy. The nucleation energy 
barrier ǻG* is calculated as [111]:  
3
*
* 2
16 ( )
3( )v n
fG
S T
SD T'  
' '
 
(1.21) 
2(2 cos )(1 cos )( )
4
f T TT    (1.22) 
where ș is the wetting angle between the nucleus (spherical cap) and the solid substrate in the 
presence of melt, as shown in figure 1.4b. 
If there is no wetting (ș=180o), f(ș)=1, the nucleation is homogeneous. The nucleation energy 
barrier ǻG* for the heterogeneous nucleation is gradually reduced while the ș changes from 180o 
to 0o. ș=0o means the complete wetting as well as no nucleation barrier. Moreover, it should be 
mentioned that the critical radius R* for the heterogeneous nucleation is the same as for the 
homogeneous nucleation.  
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Figure 1.4: Model of (a) homogenous nucleation, (b) heterogeneous nucleation [111]. 
 
Figure 1.5: Schematic view of the relationship between the total free energy change ǻG and 
radius R [111]. 
Nucleation rate 
The nucleation rate I is defined as the number of formed nuclei per unit volume and unit time. It 
can be calculated by [111]: 
*
0 exp( )d
b
G GI I
k T
'  '   (1.23)
where I0 is a pre-exponential factor, ǻGd is the diffusion activation energy for the transfer of 
atoms from melt to the solid/liquid interface, and kb is the Boltzmann’s constant. The value of I 
mainly depends on the change of the nucleation energy barrier ǻG* and diffusion energy barrier 
ǻGd. Generally, the ǻGd is ignored during the solidification process of castings, because the 
(a) (b)
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atoms can be transferred to the solid/liquid interface sufficiently. According to the Equation 1.21, 
the ǻG* varies as f(ș)/(ǻTn*)2. It means the nucleation rate I can be promoted largely when the 
nuclei have a good wetting on the substrates and the undercooling of the melt is increased. 
1.5.2 Equiaxed grain formation without the application of external 
fields 
Various solidified structures can be obtained by means of different solidification methods, such as 
the mould solidification, directional solidification, and so on. Here the equiaxed grain formation 
in the mould-solidified ingots is considered. Generally, three typical zones of solidification 
structures can be observed in mould-solidified ingots or castings, as shown in figure 1.6. Firstly, 
an outer equiaxed zone (chilling zone) with tiny grains is formed at or close to the mould wall, 
because numerous nucleation events are initiated due to the cold mould. Then, a positive 
temperature gradient is created from the wall to the core along the heat flow. Therewith, the 
columnar crystals with the most favorable orientations grow along the temperature gradient, 
forming the columnar zone. After a certain stage of columnar crystals growth, a columnar to 
equiaxed transition (CET) is observed. The growth of columnar crystals is inhibited by many 
independently growing equiaxed crystals. Consequently, an inner equiaxed zone, generally with 
coarser equiaxed grains than in the outer equiaxed zone, is obtained. Five major explanations 
have been developed to understand the formation of equiaxed grains. 
 
Figure 1.6: Typical solidified structures formation in an ingot [111]. 
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Constitutional undercooling  
Winegard and Chalmers [112] developed the constitutional undercooling theory to explain the 
formation of inner equiaxed zones in alloy ingots. The columnar crystals grow inwards after the 
tiny grains formed in the chill zone. There is an enriched solute layer at the columnar dendrite 
growth interface for alloys with the distribution coefficient kޒ1, causing a depression of the 
freezing point. An undercooling zone in front of the interface is established according to the 
solute distribution in the melt, as shown in figure 1.7. At the beginning of columnar growth, the 
undercooling zone is confined at the interface. The temperature in the bulk melt remains higher 
than the liquidus of the bulk melt. The columnar crystals keep growing until the effective 
nucleation of new equiaxed crystals occurs when the constitutional undercooling zone is 
sufficiently developed. As a result, the equiaxed zone is produced in the center of castings.  
Figure1.7: Solute concentration and resulting change in freezing temperature ahead of a dendrite 
tip. The actual level of undercooling depends on the thermal and compositional conditions at the 
tip. Te: equilibrium liquidus, Co: mean liquid compostion, k: distribution coefficient (redrawn 
from reference [113] ). 
Free chill crystals  
The free chill crystal theory was originally proposed by Genders[114]. Subsequently, it was 
developed by Chalmers [115] considering the effect of pouring temperature on the equiaxed zone 
in the Al-Cu alloys. It is found that the equiaxed zone is increased with the lower pouring 
temperature. The following events are proposed to explain this experimental phenomenon: (a) 
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The thermally undercooled zone is produced in the vicinity of the mould wall when the liquid 
metal contacts the cold mould. Copious nucleation occurs on the wall and throughout the zone. (b) 
The solute is rejected on the interface of crystals that are nucleated and grows directly on the wall. 
The formed constitutional undercooling zone protects some of the nuclei that were nucleated 
previously in the thermally undercooled zone. The constitutional undercooling zone would 
extend for lower pouring temperature. Therewith, the number of survived crystals is increased. (c) 
The survived crystals are carried away from the interface into the center of the castings by the 
convection of melt. These drifted crystals grow and then contact each other to form a skeleton 
network as well as an inner equiaxed zone. 
Dendrite fragmentation 
Jackson et al. proposed the dendrite arm remelting as well as the dendrite fragmentation for 
understanding the origin of the inner equiaxed zone [116]. The dendrite arm remelting process is 
shown in figure 1.8 [113]. For alloys of distribution coefficient kޒ1, the solute rejection occurs 
around the dendrite arms. The solute built up near the root of secondary arms produce the root 
with the necked shape. Then, secondary arms are detached and grow as the equiaxed grains. It 
has been proposed that the detachment of dendrite arms can be caused by temperature 
fluctuations. For example, Flemings [117] proposed that the flow of the hot melt into the mushy 
zone can cause the detachment of dendrite arms, as shown in figure 1.9. Moreover, solute 
fluctuations are supposed to induce the detachment of arms. It has been proved by the X-ray 
in-situ observations technique that the flow of the solute rich melt into the mushy zone due to 
buoyancy force can induce the detachment of high-order dendrite arms during directional 
solidification of an aluminum alloy [118]. In addition, Jackson et al. [116] proposed that the 
surface energy can induce dendrite arms detachment because the melting point is changed at the 
necked root where the curvature is largest. Ananiev et al. [119] presented similar knowledge 
based upon theoretically analyzing the effect of surface energy (elastic energy) on the 
thermodynamical equilibrium at necked root. 
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Figure 1.8: Schematic view of secondary dendrite arms detachment from the primary arm 
(redrawn from reference [113]). 
 
Figure 1.9: Schematic view of the dendrite multiplication resulting from the thermal fluctuations 
induced by flow [117].  
Showering from the surface  
In 1967, Southin [120] performed a series of solidification experiments using Al, Al-0.1 and 
Al-2%Cu. The crystal showering from the surface is proposed by observing the solidified 
structure that the macrostructure of cast ingots consists of four zones rather than the previously 
accepted three zones. The fourth zone is a coarse dendrite layer across the top open surface. The 
equiaxed zone is considered as the result of dendrite showering from the surface dendrite layer 
(the fourth zone) and then sinking down into the liquid. This mechanism is proved by performing 
hot-top and mechanical barriers experiments. The hot-top experiments were employed to 
eliminate the surface dendrite layer using a gas flame over the surface to add a small amount of 
heat. The results show that the macrostructure is completely columnar. A stainless steel gauze 
barrier was horizontally located in the mould. The almost completely columnar zone is observed 
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below the barrier whereas an equiaxed zone with fine grains is obtained above the barrier. The 
mechanism of dendrite leaving the surface is discussed. It may be that the weight of growing 
dendrite at the surface is sufficient to overcome the surface tension forces. In addition, the 
dendrite would fall freely from the surface layer during the formation of shrinkage because the 
layer would break. The higher temperature of the bulk melt reduces the survival probability of 
falling crystals. It indicates that this knowledge can also explain the results that the equiaxed 
zone decreases with the higher pouring temperature.  
Crystal separation at the mould wall 
This explanation was proposed by Ohno et al. [121, 122]. A novel solidification setup was 
designed to observe directly the equiaxed grains formation of Sn alloys on the mould wall in the 
initial stage of air forced cooled horizontal directional solidification. It is observed that numerous 
crystals are separated from the mould wall at the initial stage of solidification process. The 
separation process of crystals (see figure 1.10) describes that the nucleation occurs on the mould 
wall, and then the necked nuclei is formed because of the solute rejection, eventually the nuclei is 
separated from the wall. These separated crystals are transported to the centre and grow as the 
equiaxed grains. It is observed that the crystal separation process is stopped when a solid shell is 
formed at the mould wall in the subsequent stage of solidification process. The separation of 
crystals from the mould wall at the initial stage of the solidification process is considered to be 
the source for the formation of the inner equiaxed region. 
 
Figure 1.10: Schematic view of the nucleus separation from substrate (redrawn from reference 
[122]). 
The validity of these five proposed explanations have been intensively argued and discussed. 
However, no one has been accepted as the sole mechanism to understand the origin of equiaxed 
grain, because each of them is supported by strong experimental evidences. Now, an accepted 
view is that the five major explanations have their own suitable experimental conditions, and may 
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control the grain size together in some special cases [113]. 
1.5.3 Grain refinement mechanism under the application of electric 
currents 
Numerous understandings and explanations about the grain refinement driven by electric currents 
have been proposed, such as heterogeneous nucleation, dendrite fragmentation and crystal rain 
mechanism. Details will be discussed in the following sub-sections.  
Heterogeneous nucleation 
According to the classical nucleation theory [104, 111], the heterogeneous nucleation can be 
promoted if the deeper undercooling and/or the decreasing of the nucleation energy barrier are 
achieved. Hence, many scholars proposed that electric currents can enhance the heterogeneous 
nucleation rate by changing the undercooling and/or nucleation energy barrier [67-71, 73, 80, 93]. 
Barnak et al. [67] reported that the application of ECP increased the undercooling of solidifying 
SnPb alloy. As shown in figure 1.11, it can be observed that the undercooling even can be 
increased to about 10 oC when a current density 1500 A/cm2 is applied. Zhao et al. [93] proposed 
an undercooling mechanism driven by ECP to predict the grain size of alloys. It was suggested 
that the undercooling was determined by two competitive effects: the electromagnetic force and 
Joule heating. The electromagnetic force was indicated to increase the undercooling. Inversely, 
the Joule heating showed a negative effect on the undercooling. They thought that the 
overheating in the melt could rapidly be lost by the application of the electromagnetic force to 
increase the undercooling; Joule heating could supply a temperature increment during 
solidification to decrease the undercooling. However, it is not clear how the electromagnetic 
force removes the overheating; the value of the temperature increment should be examined. 
Hence, the undercooling mechanism proposed by Zhao et al. [93] should be verified by more 
research.
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Figure 1.11: Effect of ECP on the characteristics of the cooling curves during solidification of 
60Sn40Pb: (a) ǻT, the amount of undercooling, (b) dT/dt, the average rate of temperature rise 
between the minimum undercooled temperature and the thermal arrest temperature and (c) ǻta, 
the duration time of the thermal arrest. From Barnak et al. [67]. 
Moreover, Barnak et al. [67] proposed that both, the volumetric and interfacial free energy 
changes between the solid-liquid phase and the nucleation energy barrier may be modified to 
increase the nucleation rate under the treatment of ECP. Subsequently, Qin et al. and Zhou et al. 
[68-71] analyzed the effect of electric current on the nucleation energy barrier ǻG* theoretically. 
The change of the nucleation energy barrier under the application of electric current ǻGEC* is 
given by: 
* 2
EC nG K V]'  J  (1.24) 
where K is the constant of material, Vn is the volume of nucleus, ȗ is calculated by: 
0
02
n
n
V V]
V V
 

 (1.25) 
where ı0 is the electric conductivity of melt, and ın is the electric conductivity of nucleus.  
The final nucleation energy barrier ǻG* is given by: 
* * * *
v i ECG G G G'  '  '  '  (1.26) 
For most alloys the electric conductivity of melt is less than that of the nuclei (solid phase). It 
means that the ȗ, as well as the ǻGEC*, has a negative value. Hence, the nucleation energy barrier 
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ǻG* decreases under the application of electric current. It was concluded by authors that the 
reduction in the nucleation energy barrier caused the grain refinement in the alloys, even the 
nano-scale grains. Gao et al. also [73] reported that the effect of electric current on the nucleation 
energy barrier was one of the reasons for the grain refinement induced by ECP in alloys 
according to Dolinsky and Elperin’s theoretical analysis work [123]. The equation with respect to 
the change of the nucleation energy barrier by applied electric current is similar to that proposed 
by Qin et al. and Zhou et al [68-71]. However, it should be noted that the corresponding 
experimental research should be performed to prove this theoretical analysis. 
Dendrite fragmentation 
The grain number can be increased when the formed dendrite is fragmented into many small 
pieces. These pieces can directly become nuclei without undercooling, because the pieces are 
from the mother phase (melt) and can be well wetted. Hence, dendrite fragmentation promoted 
by electric currents was widely proposed to explain the grain refinement formation driven by 
electric currents [65, 73-75, 77, 81, 85, 96].  
As reviewed in 1.4.2.3 about the dendrite fragmentation process without the influence of external 
energy fields, various possibilities were discussed to explain the detachment of necked dendrite 
arms from the primary trunk, such as temperature fluctuations, solute fluctuations, and surface 
energy effect. It seems like that Joule heating can cause the temperature fluctuations. Figure 1.12 
schematically shows electric current flowing through a dendrite (solid phase). For most alloys the 
solid phase has a lower electric resistivity than the surrounding melt. It means that the dendrite 
has a higher electric current density. When the electric current flows from the primary trunk to 
the dendrite arm, higher temperature has the potential to be generated at the root of the dendrite 
arm in view of the fact that the root has a smaller sectional area as well as higher electric 
resistivity. According to equation 1.2 the higher electric current density and electric resistivity 
can generate the higher quantity of Joule heating. Hence, Gao et al. [73], Yang et al. [77, 85] and 
Yin et al. [96] proposed that the temperature fluctuations induced by Joule heating in dendrite 
promoted the detachment of dendrite arms and then produced the grain size reduction in alloys 
during the solidification process. However, on account of the high thermal conductivity of alloys, 
the temperature fluctuations induced by Joule heating is possible to be homogenized rapidly. 
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Hence, more research should be performed to investigate this process in detail. 
In addition, Nakada et al. [65] firstly suggested that the dendrite arms can be mechanically 
broken by electric currents to promote the detachment of dendrite arms. The applied high 
intensity of ECP can generate the strong electromagnetic force which may induce the dendrite 
arms fracture. Subsequently, Gao et al. [73], Yang et al. [77, 85], He et al. [74, 75] and Ban et al. 
[81] proposed the similar explanation to discuss the grain fragmentation promoted by the 
application of electric currents. However, there is no more research with respect to the 
mechanically broken physical process of dendrite arms driven by the electromagnetic force. 
 
Figure 1.12: Schematic view of electric current (green line) flowing through a dendrite. 
Crystal rain 
The crystal rain mechanism was proposed by Liao et al. [82] and Li et al. [86] based on a series 
of solidification experiments. A configuration of upward-downward electrodes was employed by 
Liao et al. to conduct ECP during the solidification of commercial pure aluminum. A cylindrical 
wire netting was located in the sample to prohibit the free crystal flowing in or out. As the 
macrostructure on the longitudinal section shown in figure 1.13a, coarse grains are formed in the 
inner region of the cylindrical wire netting for both, treated and untreated samples. However, the 
significant grain size reduction can be observed between the wall of the crucible and the outer 
wall of the netting in the sample treated by ECP, compared with the reference sample without 
ECP. Hence, it was concluded that the equiaxed grains originated from the wall of the crucible 
during the solidification process. Liao et al. thought that the crystal nuclei formed on the mould 
wall would be broken, detached off and moved into the melt under the action of electromagnetic 
force generated by electric current through the configuration of upward-downward electrodes. 
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Then, a large number of nuclei in the melt, as well as the grain refinement, was generated as 
schematically shown in figure 1.13b.  
Subsequently, Li et al. considered the grain refinement of commercial pure aluminum under the 
configuration of a pair of vertically arranged parallel electrodes. It was found that the significant 
grain refinement was also achieved. Li et al. proposed that a thin solidified shell may form at the 
free surface in view of the fact that the free surface directly contacts air. A large number of nuclei 
can be detached from the surface of melt under the influence of electromagnetic force, as shown 
in figure 1.14.  
Liao et al. and Li et al. termed the two grain refinement processes as the crystal rain or grain rain 
mechanism. Recently, based on this proposed crystal rain mechanism, Qi et al. [100] developed a 
mathematic model to investigate the crystal detachment from the wall by analyzing the applied 
force on the nucleus. They considered the electromagnetic force from electrodes (F1, F2), 
pressure from melt (Fp) and interfacial tension (Fj) (see figure 1.15), then gave a criterion for the 
nucleus detached from the wall: 
1 2 p jF F F Ft    (1.27)
However, this proposed model is really rough. For example, the adhesive force between the 
nucleus and the wall should be calculated.  
Figure 1.13: Crystal rain mechanism for the configuration of upward and downward electrodes: 
(a) macrostructure on the longitudinal section [82], (b) schematic view.  
(a) (b) 
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Figure 1.14: Schematic view of crystal rain mechanism for the configuration of two parallel 
electrodes [86].  
Figure 1.15: Schematic view of the force analysis on a nucleus under the application of electric 
current [100]. F1: electromagnetic force from electrode 1, F2: electromagnetic force from 
electrode 2, Fp: pressure from melt, Fj: interfacial tension. 
In summary, although several grain refinement mechanisms under the application of electric 
currents have been proposed, the knowledge has not shown a consistent picture with respect to 
the grain refinement formation process driven by electric currents. Further research should be 
carried out to investigate this process in detail.  
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1.5.4 Grain refinement mechanism under the application of 
magnetic field 
Electromagnetic stirring (EMS) has been utilized to control the solidification structure of alloys. 
It has been recognized for many years that the EMS has the capability to generate the grain 
refinement of alloys during the solidification process. For the grain refinement of alloys under the 
application of EMS, there is no doubt that the induced forced flow in the melt drives the grain 
refinement formation. It is also widely accepted that the dendrite fragmentation driven by forced 
flow is the grain refinement mechanism of alloys under the application of EMS [124]. However, 
the detachment process of dendrite arms from the dendrite trunk is still unclear. Several 
possibilities are proposed to describe how the dendrite arms are detached from the trunk under 
the influence of forced flow. The temperature fluctuations and solute fluctuations induced by 
forced flow are frequently suggested to generate the detachment process [44, 124]. Nevertheless, 
it still can give a reference for the investigation about the grain refinement of alloys under the 
application of electric currents. We have shown in section 1.4.2 that the forced flow also may be 
generated in the melt under the application of electric currents. Hence, according to the 
investigation about the grain refinement driven by EMS, it is possible that the forced flow 
induced by electric currents can cause the grain refinement of alloys. Here we will not only 
confirm that the forced flow can be induced by electric currents, but also investigate the 
contribution of forced flow to the grain refinement of alloys.
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2.1 Introduction 
It has been shown that electric currents have potential to generate the forced flow inside the melt 
(see 1.3). According to the literature review about the grain refinement driven by electromagnetic 
stirring (see 1.4.4), the forced flow has capability to cause the grain refinement in alloys. Hence, 
the fluid flow driven by electric currents will be investigated in the present thesis.  
This chapter presents the experimental methods of solidification experiments and flow 
measurements, covering three components: experimental materials, setup and procedure. The 
numerical simulation method about the fluid flow under the application of electric current is also 
introduced. The numerical results can show the flow structure in detail that cannot be sufficiently 
achieved from the flow measurements. In addition, the distribution of electric currents, induced 
magnetic fields, and the electromagnetic force inside the melt can also be presented. It is 
beneficial to estimate the influence of electromagnetic force, Joule heating and skin effect in the 
grain refinement.  
2.2 Experimental materials 
2.2.1 Solidification 
According to the phase diagram shown in figure 2.1, Al-Si binary alloy has a eutectic reaction 
during the solidification process. Its eutectic composition is at 12.6wt%Si. For the hypoeutectic 
alloys during the solidification process, the primary aluminum phase firstly nucleates from the 
melt and grows in dendrite. When the composition of melt increases to the eutectic point, the 
eutectic Al-Si phase is formed until the end of solidification. As a consequence, the as-solidified 
hypoeutectic alloys usually consist of the primary aluminum phase and the harder Al-Si eutectic 
phase. Here in the present study, an Al-7wt%Si hypoeutectic alloy (nominal composition) was 
used in the solidification experiments. Selected thermo physical properties of the Al-7wt%Si 
hypoeutectic alloy are shown in table 2.1. 
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Dendrite fragmentation is one of the most important grain refinement mechanisms (see 1.4.3). 
The solute or temperature fluctuations are assumed to cause the dendrite fragment. In order to 
avoid the solute effect in the dendrite fragmentation, two grades of high purity aluminum, 
99.99wt%Al and 99.9999wt% (Hydro Aluminum High Purity GmbH), were also employed as an 
investigated material.  
Figure 2.1: Phase diagram of Al-Si binary alloy. 
2.2.2 Similarity of GaInSn liquid metal and Al-Si melt 
The ultrasound Doppler velocimetry (UDV) technique that can monitor the flow inside the melt 
of metal was employed to measure the fluid flow velocity. However, the application of this 
technique in the melt of the Al-7wt%Si alloy has not been well developed because the 
temperature of melt is too high. In the present study, flow measurements were performed at room 
temperature in a liquid metal, eutectic alloy Ga-20wt%In-12wt%Sn (TL=10.5°C). Selected 
thermo physical properties of Ga-20wt%In-12wt%Sn can be found in the table 2.1. More details 
can be referred to in literature [125, 126].  
It is necessary to assess if the similar flow structure would be generated in both, 
Ga-20wt%In-12wt%Sn liquid and Al-7wt%Si melt. We follow the paper of Bojarevics et al. 
[127], who considered a steady electric current I passing through a liquid metal hemisphere. They 
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introduced a dimensionless parameter S: 
2 2 2
0 / 4S I vP S U  (2.1)
where v is the kinematic viscosity, U is the density of the liquid metal and P0 is the magnetic 
constant. A comparison between the alloys Al-7wt%Si and Ga-20wt%In-12wt%Sn with respect 
to the non-dimensional parameter S is presented in table 2.1. It becomes obvious that the 
occurrence of similar flow structures can be assumed for the same electric currents applied, 
where the intensity of the flow should be even slightly larger in Al-7wt%Si melt as in 
Ga-20wt%In-12wt%Sn. 
Table 2.1: Comparison between Al-7wt%Si and Ga-20wt%In-12wt%Sn with respect to selected 
material properties
 Al-7wt%Si [128] Ga-20wt%In-12wt%Sn [126] 
Liquidus (TL), K 888 283,7 
Density U, kg/m³ (TL+15K) 2422 6360 
Viscosity Q, m/s² (TL+15K) 0,5·10-6 0,34·10-6 
El. conductivity V, 1/:m 3,74·106 3,27·106 
S=P0I²/4S²UQ² 52,6·I² 43,3·I² 
2.3 Experimental setup  
2.3.1 Solidification 
As shown in 1.4.2, both columnar and equiaxed structures are achieved during the solidification 
process of mould casting. After the columnar zone is formed, the equiaxed grains freely grow as 
the inner equiaxed zone. Here for simplicity, we will investigate the grain refinement using two 
different cooling regimes. One type is that the bottom of the mould is put on a water-cooled 
copper chill which is kept at a constant temperature of about 20°C to achieve directional 
bottom-up solidification. The other one is that the mould is cooled in air to approach an 
isothermal solidification.  
The two types of cooling conditions were employed to produce different structures. As shown in 
figure 2.2, a double walled cylindrical stainless steel mould is employed. Beneath the bottom of 
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the mould, a water cooled copper platform with the temperature of 20 oC was used to cool the 
heated mould. Since the side of the mould is double walled, the heat release through the radial 
direction of cylinder mould can be ignored in comparison with the heat loss through the vertical 
direction when the bottom of the mould touched the cooling platform. The solidification process 
can be regarded as the directional solidification. It is well known that the columnar structure can 
be produced under such kind of cooling condition. In addition, the free growth of equiaxed grains 
can be achieved when the sample is slowly cooled throughout the mould [20]. Such cooling 
conditions can be realized when the double walled mould is cooled by air without the bottom 
forced cooling.  
At the top of the mould, thermocouples and a pair of parallel stainless steel cylindrical electrodes 
(diameter 8mm) were fixed at a stainless steel lid. Thermocouples were vertically located only 
along the axis of the mould to measure the temperature. The parallel electrodes were vertically 
and symmetrically arranged in the mould with a distance of 36mm, and immersed into the melt 
through the upper free surface with a 10mm depth. Electric current was conducted through the 
electrodes into the melt. The inner wall of the mould was coated by an electric insulation material 
(BN) to avoid a closure of the current in the wall. Moreover, the lateral surface of the electrodes 
was also covered by the insulation material to confine the electric current only flowing through 
the bottom surface of the electrodes (see figure 2.2).  
The measurement temperature range for the solidification experiments was between 750oC and 
500oC, the NiCr-Ni type thermocouple is suitable and selected to measure the temperature. All 
the NiCr-Ni thermocouples were embedded in an INCONEL (trademark of INCO Alloys 
International, Huntington, WV) sheath with an outer diameter of 1.5mm and covered by Al2O3 
tubes for protection. A multimeter DMM 2700 and a 20-channel differential multiplexer card 
7700 (Keithley Instruments Inc., Cleveland) were used to monitor the thermocouple voltages. 
The monitor frequency, resolution, and the error of the temperature measurement system were 
5Hz, 0.01 oC and ±1 oC, respectively.  
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In the present study, both the single transducer and ultrasonic arrays are employed. For the single 
sensor, an 8MHz transducer (TR0805LS, acoustic active diameter 5mm) of the DOP2000 
velocimeter (model 2125, Signal Processing SA, Lausanne) was vertically located at the bottom 
of the vessel to measure the one-dimensional flow along the vertical direction. The spatial 
resolution along the vertical direction is about 1.4 mm, and the accuracy of the velocity data can 
be assessed to 0.15mm/s. The two-dimensional velocity field can be measured by the application 
of ultrasonic arrays in combination with specific array driving techniques which allow a 
two-dimensional flow mapping. The linear array, which comprises singular 25 ultrasonic 
transducers, has a length of about 68mm. It is located radially at the bottom of the cylinder vessel 
to measure the axial flow component in the plane spanned by height and diameter of the liquid 
metal column. According to the dimensions of the sensor array and the fluid cylinder, the 
measuring domain is divided into 20 velocity profile lines. The lid of the vessel fixing the parallel 
electrodes is pivoted with respect to the cylinder bottom. The rotation of the lid enables flow 
measurements in different planes with reference to the plane containing the electrodes.  
 
Figure 2.3: Schematic view of the flow measurement setup. 
2.3.3 External energy fields  
The DC electric current and the current pulses are generated by the water cooled power supply 
pe86CWD (plating electronic). This device gives us the possibility to generate rectangular current 
pulses of variable pulse length at adjustable frequencies up to 200Hz. Parameter variations in 
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case of a pulsed electric treatment concern the current amplitude I0, the frequency f and the pulse 
length tp. The scheme of applied ECP is shown in figure 2.4. The chosen electric current 
parameters can be programmed by a control unit with touch panel (Pe8005).  
In addition, the inputting energy in the melt of the Al-Si alloy was estimated. Experiments were 
conducted using amplitudes of electric current up to 480A corresponding to voltages up to 6V. 
However, electrodes and power lines have a distinctly higher electrical resistance compared to 
the liquid metal which leads to the situation that only 1% of the voltage drop occurs in the melt. 
Therefore, the overall heat input into the melt by Joule heating must be less than 30W. 
It has been reviewed that the significant grain refinement can also be generated by the application 
of a magnetic field (see 1.4.4). Here a traveling magnetic field (TMF) is employed to make 
comparisons with electric currents. This kind of magnetic fields is supplied by the COMMA 
(COMbined MAgnetic field) facility, which was constructed at the HZDR. Six horizontal circular 
induction coils are arranged axially. The wave number k of the TMF is: 
2 /k S O  (2.2)
where O is the wave length. In the present TMF, a wavelength of approximate O=0,235m is 
generated in the region of the sampling volume because a phase shift of 60° between adjacent 
coils is applied. Both upward and downward direction of the TMF can be provided. A low 
magnetic field frequency of 50Hz was selected in the present study to ignore the influence arising 
from the skin effect. 
 
Figure 2.4: Schematic view of the waveform for the pulsed electric current. 
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2.4 Experimental procedure 
2.4.1 Solidification 
Al-7wt%Si 
An Al-7wt%Si hypoeutectic alloy (nominal composition) was prepared using pure Al (99.99 
wt.%) and Si (99.999 wt.%) and modified by Sr at 200ppm in a graphite crucible. The prepared 
pure aluminum was located in the graphite crucible and heated up to 900oC in a box type electric 
resistance furnace. After 60mins, the corresponding weighted silicon particles were added into 
the aluminum melt and kept for another 60mins. Then, the AlSr alloy was put into the melt. 
Meanwhile, the temperature of the furnace was set at 680oC. Then, the temperature of the molten 
alloy gradually decreased in the furnace from 900oC to 680oC. After 45mins, the melt was 
degassed 20mins by argon gas. Finally, the molten alloy at a temperature of 680 oC was poured 
into a cylindrical stainless mould of 50mm diameter. Subsequently, each solidified sample was 
cut to the same weight of 310g (ĭ50mm(diameter)×60mm(height)).  
The preparatory Al-7wt%Si sample was inserted into the double walled mould and heated up to 
750 oC in a resistance furnace. After a holding time of 45mins the temperature was reduced from 
750 oC to 720oC which has been kept constant for another 30mins. After total melting, the mould 
with the melt was taken from the furnace and covered with a stainless steel lid. Both, the 
electrodes and thermocouples were fixed at the lid and immersed through the free surface into the 
melt. Then, the sample in the mould was cooled and solidified. The temperature measurement of 
the sample started at the beginning of the cooling of the samples, and stopped until the sample 
was cooled to 500oC.  
Moreover, two experimental details should be mentioned. The thermocouples and the electrodes 
with the connected power cables were supposed to act as an additional local cooling. To avoid an 
immediate formation of a solid shell, the thermocouples and electrodes were preheated until 
achieving the same temperature as the melt before the cooling from the bottom was initiated. The 
cables between the electrodes and the power supply were fixed at a considerable distance to the 
mould in order to minimize the interaction between the induced magnet field around the cable 
and the electric current flowing in the solidifying melt. 
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High purity of aluminum 
As for the high purity aluminum, cylindrical ingots with a geometry parameter ĭ50mm×60mm 
were directly machined from the raw billet to avoid the pollution from the preparation process. 
The surface of specimens was ground on SiC-paper and cleaned by using an ultrasonic cleaner. 
The preparatory high purity aluminum sample was also located into the double walled mould and 
heated up to 750oC. After a holding time of 75min at 750oC, the double walled mould with melt 
was moved out and covered with a preheated stainless steel lid, and then cooled on air to achieve 
an isothermal solidification. Solidification experiments were performed under the influence of 
both rectangular ECP and TMF. The cooling of the high purity aluminum sample and the 
treatment by the electric current or TMF were initiated at the same time. When the samples were 
totally solidified, the application of electric current or magnetic field stirring was powered off. 
2.4.2 Flow measurements 
The eutectic alloy Ga-20wt%In-12wt%Sn with designed weight was filled into the cylindrical 
vessel made of Perspex to achieve the volume of ĭ50mm×60mm, which is same as the sample 
for solidification experiment. Then, a lid with a pair of parallel electrodes covered the vessel. The 
arrangement of electrodes in Ga-20wt%In-12wt%Sn melt is the same as the position of 
electrodes in Al-7wt%Si alloy. The selected ultrasonic transducer was located at the measurement 
position. The top of the transducer was connected with the bottom of the vessel by a transparent 
gel. Finally, the electric current and the flow velocity measurement were initiated at the same 
time. The measurement was stopped and then the power supply was powered off after several 
tens of seconds.  
2.5 Metallography 
Solidified samples were sectioned longitudinally along its mid-plane (perpendicular to the plane 
containing the electrodes) for metallographic investigations. The metallographic sections were 
ground on SiC paper. Then, the as-ground sections were etched in an etchant composed of 60mL 
HCl, 30mL HNO3, 5mL HF, and 5mL H2O. Photographs of the macrostructure were taken by a 
digital camera (Konica MinoltaDimage A2). Selected longitudinal sections were ground and 
40 
 
Chapter 2 Research methods 
polished from 6ȝm to 1ȝm, electro-etched of 50mm×30mm in Barker etching reagent at 25V, 
15Hz for 180s, then examined by using an optical microscope MeF4 (Leica Microsystems, 
Wetzlar) using the polarized light for the quantitative analysis of the grain size. 540 single 
pictures (2.88mm×2.16mm) were created firstly and then combined into an entire picture 
covering the whole sample by using the software (Leica Application Suite V3.6) of Leica 
Microsystems. The grain size was measured by the linear intercept method in the software 
package aquinto a4i (Fa. Aquinto AG). As shown in figure 2.5, five horizontal lines and five 
vertical lines are uniformly distributed on the planar section along the vertical and horizontal 
direction, respectively. These ten lines are intercepted by grain boundaries, as shown in figure 2.5. 
The number of interceptions and the length of the ten lines were counted. The mean linear 
intercept (MLI) is given by: 
/t tMLI N L  (2.3) 
where Nt is the total number of interceptions for the ten lines, and Lt is the total length of the ten 
lines. The measuring error of ±0.08mm is achieved by performing the measurement in the same 
sample four times. 
Figure 2.5: Macrostructure of Al-7wt%Si alloy observed under polarized light with intercepted 
lines for grain size measurement. 
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2.6 Numerical method 
Numerical simulations with respect to the fluid flow inside the liquid metal (eutectic alloy 
Ga-20wt%In-12wt%Sn) under the application of electric currents were performed by my 
colleague (Dr. Vladimir Galindo). Here the numerical model and the boundary conditions are 
introduced, respectively. 
2.6.1 Numerical model 
For the numerical simulations of the electric current J and the magnetic induction B in the melt 
and all electrically conducting parts of the facility, the finite element code OPERA 3d (Cobham 
plc., [129]) was used. The computational grid was refined near the contact region between the 
electrodes and the melt and has a total number of 4.3 million of finite elements. In the case of a 
direct current imposed on the electrodes, we solve the Laplace equation for the electric potential 
ĳ taking into account the charge conservation: 
2 0M   (2.4)
The current density J can be calculated from the electric potential ĳ: 
( )V M J  (2.5)
The continuity of the current density J at the interface between two regions with different electric 
conductivities: 
1 1 2 2nJ V M V M     n n  (2.6)
The magnetic induction B was calculated from the current density J using the Biot-Savart’s law: 
where ȝ0 is the permeability of a vacuum, r is the vector of displacement. 
The electromagnetic force per unit volume F in a conducting substance, resulting from the 
interaction between the electric current and the self-induced magnetic field, can be calculated by 
the following equation: 
' '
30
3'
( ) ( )( )
4
dP
S
u  

³
J r r rB r r
r r
 (2.7)
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 uF J B  (2.8) 
The incompressible flow in the volume containing the melt was simulated numerically by means 
of the open source library Open FOAM [130] solving the Navier-Stokes equation including the 
continuity equation:  
0   U  (2.9) 
and momentum equations 
2( ( ) ) p
t
U Pw       
w
U U U U F  (2.10) 
where U, ȡ, ȝ, and p represent the velocity, the density, the molecular dynamic viscosity and the 
pressure, namely.  
2.6.2 Numerical domain and boundary conditions 
The geometry for the numerical simulation is shown in figure 2.6. It presents the same 
dimensions as the configuration used in the melt measurements as well as the solidification 
experiments. Both, DC and alternating current (AC) are conducted into the melt. Various 
frequencies of AC are concerned to estimate the effect of the skin effect on the distribution of the 
magnetic field, Joule heating and electromagnetic force. The boundary conditions for the electric 
potential are defined by using the amplitude of the imposed electric current I at the end of the 
electrodes: 
A
I d ³ J s  (2.11)
where A is the area of the electrodes cross section. 
The boundary conditions for the flow field are the no-slip condition(U=0) at the solid container 
walls. For the melt surface either the no-slip condition or the conditions for a stress-free, 
non-deformable surface are applied depending on whether the melt flow is evaluated in an open 
or an enclosed container. A computational grid with 650,000 volume elements was used. We 
used a second order discretization scheme for the convective term in the equation (2.10). 
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Figure 2.6: Geometry of the simulation domain. 
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3. Role of electric currents effects in the 
grain refinement 
3.1 Introduction 
Understanding the role of various electric currents effects in the resulting grain refinement is of 
high importance for achieving a beneficial grain refinement mechanism. This chapter is devoted 
to investigating which effect or effects play a key role in the grain refinement formation of alloys. 
Firstly, a series of solidification experiments were performed in the Al-7wt%Si hypoeutectic 
alloy under the influence of ECP and DC with various electric current parameters. Then, the 
corresponding numerical simulations and forced flow measurement experiments were carried out 
to investigate the fluid flow inside the melt under the application of electric currents. After that, 
the temperature distribution was examined in the Al-7wt%Si hypoeutectic alloy under the same 
electric current parameters used in the solidification experiments. Finally, the role of various 
electric currents effects was discussed. 
3.2 Experimental parameter 
Solidification experiments of the Al-7wt%Si alloy were performed under the influence of both, 
electric currents and the travelling magnetic field (TMF). In the experiments presented here, the 
cooling of the sample and the treatment by the electric currents or TMF were initiated at the same 
time. When the temperature of the samples was cooled to the eutectic point, the application of 
electric currents or the TMF was powered off. In this chapter, all solidified samples were forced 
cooled by water through the bottom of the mould. 
Both, DC and rectangular ECP were applied during the solidification of the samples. In order to 
compare these two different electric current patterns in the same scale, both DC and ECP were 
calibrated by the electric energy. The electric energy of DC can be represented by the intensity of 
electric current. The average inputting electric energy of ECP is reflected by the effective value 
of the applied current amplitude Ieff: 
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eff p pI I t f   (3.1)
where Ip is the current intensity, f is the frequency and tp is the pulse length. The applied electric 
current parameters are shown in table 3.1.  
Temperature measurements were made within the mould cavity during solidification using 6 
type-K thermocouples with an overall sampling rate of 5Hz. Thermocouples were arranged 
vertically along the axis of the mould and positioned vertically from 5mm to 60mm in a distance 
of 11mm above the bottom of the mould.  
Similarly, the melt flow measurements in the eutectic alloy Ga-20wt%In-12wt%Sn were carried 
out under the application of DC and ECP. Both, the ultrasonic arrays and single transducer were 
employed to measure the melt flow.  
Table 3.1: Electric current parameters in solidification experiments
  Direct current Electric current pulse 
Intensity (A) 0 48 120 200 120 120 240 240 120 240 480 480 
Frequency (Hz) - - - - 50 100 50 200 200 100 100 200 
Pulse length (ms) - - - - 0.5 1 1 0.5 2 2 1 0.5 
Ieff (A) 0 48 120 200 19 38 54 76 76 107 152 152 
3.3 Results 
3.3.1 Solidified structure 
The reference experiment conducted without applied electric current (see figure 3.1) shows a 
dominance of columnar grains growing parallel to the temperature gradient. A transition to a 
coarse equiaxed growth occurs only just in the upper third of the sample. The application of DC 
generates a significant modification of the macrostructure in the samples (see figure 3.2). The 
grain size in the equiaxed zone is reduced remarkably in comparison with that in the reference 
sample without electric currents. The area of the equiaxed zone enlarges with increasing current 
intensity. The totally equiaxed grain zone is obtained when the applied DC intensity reaches 
values higher than 120A.  
The same tendency can be observed for an increasing effective value of the current Ieff in the 
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pulsed regime as shown in the figures 3.3. The growth of columnar grains is gradually suppressed 
with the increasing intensity of inputting energy. As a result, the area of the equiaxed zone is 
increased. Several coarse columnar grains grow from the bottom with a direction parallel to the 
temperature gradient. Then, the coarse equiaxed grains are observed. Subsequently, the finer 
equiaxed grains appear, especially in the region surrounding the electrodes. The solidified 
structure becomes more uniform and finer with increasing current intensity. Eventually, the most 
uniform and finest macrostructure can be observed until the totally equiaxed grain zone is formed 
in the sample under the applied ECP of Ieff =152A. 
Respective dot plots in figure 3.4 show variations of the subarea of equiaxed grain growth and 
the mean grain size as a function of Ieff. Remarkable changes of both quantities can already be 
observed at low electric currents, where the alloy starts to solidify in the form of columnar grains 
at the bottom before the CET occurs. The columnar growth is completely suppressed if the 
effective current reaches values being higher than about 120A. The mean grain size approaches a 
minimum value of about 1mm for high electric currents. The applications of DC or pulsed 
currents achieve the same results with respect to the grain morphology if the corresponding 
effective values of the current intensity are identical. 
 
Figure 3.1: Solidified macrostructure of Al-7wt%Si alloy on the longitudinal section of the 
solidified samples without electric currents. 
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Figure 3.2: Solidified macrostructure of Al-7wt%Si alloy with direct electric current. 
 
 (c): IP=240A, f=50Hz, tp=1ms (d): IP=240A, f=200Hz, tp=0.5ms 
(a): IP=120A, f=50Hz, tp=0.5ms (b): IP=120A, f=100Hz, tp=1ms 
(a): IDC=48A (b): IDC=120A
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Figure 3.3: Solidified macrostructure of Al-7wt%Si alloy with pulsed electric current: (a) 
Ieff=19A, (b) Ieff=38A, (c) Ieff=54A, (d) Ieff=76A, (e) Ieff=76A, (f) Ieff=107A, (g) Ieff=152A, (h) 
Ieff=152A. 
 (a)
(h): IP=480A, f=200Hz, tp=0.5ms (g): IP=480A, f=100Hz, tp=1ms 
(f): IP=240A, f=100Hz, tp=2ms (e): IP=120A, f=200Hz, tp=2ms
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Figure 3.4: Influence of the applied effective current on the macrostructure of the solidified 
samples: (a) area of equiaxed grain growth, (b) mean grain size. 
3.3.2 Forced melt flow 
Flow measurements 
The flow measurements are performed within the cylindrical column filled with 
Ga-20wt%In-12wt%Sn liquid metal. Figure 3.5 shows the two-dimensional distribution of the 
vertical velocity in the liquid metal for the situation of an applied DC at IDC=48A. The plot in 
figure 3.5a represents the pattern of the vertical velocity component in the plane containing the 
electrodes. Obviously, the measurements reveal the downstream jets below the electrodes. The 
corresponding upward flow along the cylinder side walls, which is less strong as the downward 
jets, is found in the perpendicular plane (see figure 3.5b). The area around the cylinder axis 
shows a descending flow in the upper part and an ascending flow in the bottom part. This 
indicates the occurrence of a vortex pair in the central region between the electrodes. 
Furthermore, an asymmetry becomes apparent in the velocity distribution in figure 3.5b. The 
reason for this deviation has not become fully clear yet, however, we assume an influence from 
the non-symmetric configuration of the power lines around the experimental facility. This 
assumption is supported by the fact, that the measured flow field shows a deflection in the other 
direction if the electric current is applied with reversed polarity. 
In a next step, we compare the applications of direct (DC) and pulsed currents (ECP). The 
velocity field shown in figure 3.6 is generated by current pulses with a peak value of the current 
(b)
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IP=152A, a frequency of f=200Hz and a pulse length of tP=0.5ms. The resulting effective value of 
the current Ieff=48 A is identical with the direct current amplitude IDC applied in the case of figure 
3.5. The comparison of the flow pattern shows only marginal differences, the absolute values of 
velocities are in the same order of magnitude. The differences between the DC and the ECP 
regimes are almost negligible. 
Further, the flow measurements in the melt are performed under the application of higher Ieff. The 
aim is to examine the evolution of a flow pattern and the intensity with increasing electric 
currents energy. The single sensor located vertically at the bottom of the cylinder is used to 
monitor three different positions, as shown in figure 3.7. According to the flow structure 
observed in figure 3.5 and 3.6, the flow measurements in these three positions can sufficiently 
reflect the flow pattern and intensity. Figure 3.8 shows the vertical velocity distribution measured 
at the three positions in cylinder liquid metal under the applied ECP of IP=480A, f=200Hz, 
tp=0.5ms, Ieff=152A. The strong downstream is observed under the electrode (see figure 3.8a). 
The flow measurement at the cylinder axis shows the downward flow in the upper part and 
upward flow in the bottom part, as shown in figure 3.8b. The upward flow is generated along the 
sidewalls of the plane which is perpendicular to the plane containing two electrodes (see figure 
3.8c). The same flow pattern is formed in the liquid metal for the situation of an applied ECP at 
Ieff=152A according to the flow pattern driven by ECP at Ieff=48A shown in figure 3.6. It 
indicates that the flow pattern is unchanged when the higher Ieff is applied. In addition, the flow 
intensity evolution is considered with an increasing value of effective electric currents. Figure 3.9 
presents the measured vertical velocity of forced flow at the cylinder axis under the application of 
various Ieff. The comparison of the measured flow intensity reveals that the forced flow is 
gradually stronger with increasing intensity of the effective electric currents. Figure 3.10 displays 
the volume- and time-averaged axial velocity uz of the melt flow as a function of the effective 
current Ieff. As it was expected, the intensity of the forced melt flow increases with Ieff. Moreover, 
a positive linear relationship between the flow intensity and the Ieff can be concluded according to 
figure 3.10. 
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Figure 3.5: Two-dimensional distribution of the vertical velocity induced by a direct current at 
IDC=48A: (a) in the plane containing the electrodes, (b) in the plane perpendicular to the electrode 
plane.
 
Figure 3.6: Two-dimensional distribution of the vertical velocity measured at IP=152A, f=200Hz, 
tp=0.5ms, Ieff=48A: (a) in the plane containing the electrodes, (b) in the plane perpendicular to the 
electrode plane. 
(a) (b)
(a) (b)
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Figure 3.7: Schematic view of single transducer arrangement at the bottom.  
 
 
Figure 3.8: Distribution of the vertical velocity measured at three positions under the applied 
ECP of IP=480A, f=200Hz, tp=0.5ms, Ieff=152A: (a) P1, (b) P2, (c) P3. 
(c)
(a) (b)
P1
P2
P3
Electrod
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Figure 3.9: Distribution of the vertical velocity measured at central position (P2) under the 
applied ECP: (a) Ieff=38A; (b) Ieff=54A; (c) Ieff=76A; (d) Ieff=107A; (e) Ieff=152A; (f) Ieff=152A.  
(e): IP=480A, f=50Hz, tp=2ms (f): IP=480A, f=100Hz, tp=1ms 
(d): IP=240A, f=100Hz, tp=2ms(c): IP=120A, f=200Hz, tp=2ms 
(a): IP=120A, f=100Hz, tp=1ms (b): IP=240A, f=50Hz, tp=1ms 
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Figure 3.10: Influence of the applied effective current Ieff (ECP) on the mean axial velocity of the 
melt flow. 
Numerical simulations 
Corresponding numerical simulations were performed to calculate distributions of electric current, 
the magnetic field, the electromagnetic force and the fluid flow within the cylindrical column 
filled with Ga-20wt%In-12wt%Sn for the situation of an applied DC at IDC=48A. The numerical 
results show that a parallel current runs through the electrode and spreads into the liquid metal. 
The extreme widening of the current streamlines leads to a drastic reduction of the current 
density from a maximum of about 120A/cm2 just beneath the electrode by a factor of 5 to values 
around 20A/cm2 occurring in the bulk of the melt. The distribution of Joule heating is described 
by the power density of Joule heating q, given by: 
2 /q V J  (3.2) 
The distribution of the electromagnetic force is described by the electromagnetic force density f, 
calculated by: 
/ U uf J B  (3.3)
where ȡ is the density. 
Respective distributions of the magnetic field B, the power density of Joule heating q, and the 
electromagnetic force density f are displayed in figure 3.11. As shown in figure 3.11a, the 
magnetic field permeates the upper part of the sample, in particular the domain around and 
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between the electrodes. It becomes obvious from the figures 3.11b and 3.11c that the impact of 
both, the Joule heating and the electromagnetic force is limited to a very narrow region in the 
front of the electrode end faces. The power density of Joule heating reaches a maximum value of 
about 0.6W/cm3 at the electrode and falls below a value of about 0.1W/cm3 in the bulk liquid due 
to the enormous widening of the current distribution at the electrodes. Also, a significant 
electromagnetic force only occurs in a small domain just beneath the electrodes. The interaction 
between the radially diverging electric current and the almost azimuthally induced magnetic field 
produces a downward electromagnetic force there (see figure 3.12a). As a consequence, forced 
melt convection is generated in the sample whose global three-dimensional structure becomes 
apparent in figure 3.12b. The significant rotational part of the electromagnetic force drives a flow 
in form of two downward jets. A recirculating flow can be observed covering the lateral area 
close to the cylinder walls on both sides of the electrodes. The stronger electromagnetic force is 
caused when a higher intensity of effective electric currents is employed. Hence, the averaged 
axial velocity uz of the melt flow increases with Ieff. However, the distribution of electromagnetic 
force remains confined just beneath the electrodes. As a result, the melt keeps the same flow 
pattern under all the applied electric currents. 
The flow measurement shows that the forced flow driven both of the DC and the ECP are almost 
the same when the same effective electric current is applied. This finding can easily be 
understood by considering the respective distributions of the magnetic field and the related 
electromagnetic force for ECP. The skin effect occurring at high frequencies expels the AC fields 
from the bulk of the sample. This effect can be observed for the induced magnetic field in the 
figures 3.13a and 3.13d. However, any consequences on the distributions of both, the 
electromagnetic force and the Joule heating are not detectable (see figure 3.13). Hence, 
regardless of the chosen frequency the electromagnetic force is significant only in close vicinity 
to the front surface of the electrodes. The electromagnetically-driven flow retains the global 
structure of the velocity field for all parameters considered here, whereas the intensity of the 
mean flow depends only on the effective value of the applied current. 
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Figure 3.11: Numerical simulations showing the situation of an applied direct current at IDC=48A: 
(a) magnetic field strength, (b) Joule heating density, (c) electromagnetic force density. 
 
Figure 3.12: Numerical simulations for the situation of an applied direct current at IDC=48A: (a) 
structure of the electromagnetic force, (b) three-dimensional flow structure. 
 (a) (b)
(c) 
(a) (b) (c) 
58 
 
Chapter 3 Role of electric currents effects in the grain refinement 
 
Figure 3.13: Numerical simulations showing the situation of an alternating current at Ieff=48A: (a), 
(d) magnetic field strength, (b), (e) Joule heating, (c), (f) electromagnetic force density, (a)-(c) 
f=200Hz, (d)-(f) f=2000Hz.  
3.3.3 Temperature distribution 
The temperature measurements are carried out within the cylindrical, double-walled mould filled 
with Al-7wt%Si alloy cooling from melt to solid. Figure 3.14 presents the temperature 
distribution of samples at the cylinder axis monitored via six vertically arranged thermocouples 
(z: 5mm, 16mm, 27mm, 38mm, 49mm and 60mm). The reference temperature measurement 
conducted without electric current shows an apparent positive temperature gradient along the 
upwards vertical direction (see figure 3.14a). The temperature difference is significantly modified 
by the application of DC and ECP. The temperature gradient decreases with the increasing 
intensity of DC as shown in figure 3.14b, c. The same evolution of the temperature field can be 
found in the increasing value of the effective electric current in the pulsed regime (see figure 3.14 
d-k). A temperature gradient G is calculated when the temperature of a thermocouple at 5mm 
decreases to 620oC:  
49 5 49 620
49 5 4.4
z mm z mm z mmT T T KG
mm mm cm
      

 (3.4) 
The corresponding dot plots are figured out to show the variation of the temperature gradient as 
the function of Ieff for the situation of both DC and ECP (see figure 3.15). It can be found that the 
temperature gradient remarkably changed by both DC and ECP. The reference temperature 
(f)(d) (e)
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gradient of the sample without electric currents is about 11.5K/cm. It significantly decreases with 
the increasing intensity of Ieff. The value reaches about 2K/cm when the effective electric current 
value is higher than 120A. 
 
 
 
 (e): IP=120A, f=100Hz, tp=1ms, Ieff=38A 
(d): IP=120A, f=50Hz, tp=0.5ms, Ieff=19A 
(c): IDC=120A 
(b): IDC=48A
(a): I=0 
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Figure 3.14: Temperature distribution of Al-7wt%Si alloy under both DC and ECP. 
(k): IP=480A, f=200Hz, tp=0.5ms, Ieff=152A 
(j): IP=480A, f=100Hz, tp=1ms, Ieff=152A
(i): IP=240A, f=100Hz, tp=2ms, Ieff=107A
(h): IP=120A, f=200Hz, tp=2ms, Ieff=76A 
(g): IP=240A, f=200Hz, tp=0.5ms, Ieff=76A
(f): IP=240A, f=50Hz, tp=1ms, Ieff=54A 
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Figure 3.15: Temperature gradient in Al-7wtSi alloy under both DC and ECP.  
3.4 Discussion 
The present chapter focuses on the question which effect or effects of strong electric currents 
cause the grain refinement in the solidifying specimens. We consider the situation of a directional, 
bottom-up solidification in a metal column where two electrodes are installed near the free 
surface. For this configuration, our numerical and experimental findings reveal the existence of a 
three-dimensional flow spanning the entire fluid volume. A similar numerical study published by 
Nikrityuk et al. [103] reports on the formation of distinct electro-vortex flows for the 
configuration of two central electrodes installed at the bottom and the top of a cylindrical domain. 
However, we must clarify whether the forced melt convection is the solely driving effect for 
grain refinement. Further possibilities are discussed in the literature, in particular it is assumed 
that a strong pinch force (electromagnetic force) is induced at that moment when the electric 
current pulses discharge. A direct action of this force on the mushy zone is supposed to cause a 
breaking of the dendrites into small fragments due to high shear stress [65, 66, 74, 75, 81, 86]. 
Furthermore, it is assumed that the fragmentation process becomes amplified at higher 
frequencies of pulsed currents when the electromagnetic fields are confined within a thin skin 
layer [86].  
The results of the present chapter do not confirm these assumptions for the configuration studied 
here. The numerical analysis of the resulting electromagnetic fields presented in section 3.4 
demonstrates that any significant effect of both, the electromagnetic force and the Joule heating is 
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confined to very narrow regions below the electrodes. Directly at the electrodes the local input 
from Joule heating reaches maximum values of about 0.6…0.8W/cm3 (see figures 3.10 and 3.12). 
Estimations with respect to the heat production by the phase change from liquid to solid deliver 
much larger values of about 8W/cm3. This difference will be even more pronounced in the 
bottom area of the sample where higher growth velocities occur and the Joule effect is almost 
negligible. Hence, for the magnitude of electric currents considered in this study the Joule 
heating effect does not play any prominent role at all. Any direct impact on the growing dendrites 
within the mushy zone arising from the electromagnetic force or an electrically induced remelting 
of the dendritic skeleton can be excluded. Induced liquid flow remains as the most probable 
reason for the grain refinement observed in the solidified samples. This basically means that the 
same mechanism of grain refinement can be assumed as it is considered to explain the reduction 
of grain size due to electromagnetic stirring. For instance, a recent paper by Liotti et al. [131] 
investigated the effect of a pulsed electromagnetic field by synchrotron X-ray imaging. This 
work demonstrates that flow-induced local fluctuations of both temperature and concentration 
profiles within the mushy zone promote dendrite fragmentation by local remelting of side arms. 
Accruing fragments are transported by the melt flow and grow in undercooled regions [132]. 
High undercooling and low thermal gradients are favorable for grain refinement because the 
probability of surviving of dendrite fragments becomes larger with the increasing extent of the 
undercooled region [133]. The forced flow can promote the heat transfer and homogenize the 
melt temperature of samples. Figure 3.12 and 3.13 show that a distinct vertical temperature 
gradient develops in the melt from the beginning of the cooling process for the situation without 
forced flow. Such a thermal gradient does not exist in the samples under the influence of electric 
currents, where the melt stirring causes an effective homogenization of the temperature field in 
the liquid phase.  
Melt convection supports the formation of the undercooled regions ahead of the mushy zone by 
an effective reduction of the temperature gradient across the sample and by a modification of the 
solute distribution. For instance, a travelling magnetic field (TMF) is known as an efficient tool 
to achieve grain refinement during solidification [39, 44]. Figure 3.16 displays the grain-refined 
macrostructure of a sample solidified under the influence of a TMF. The TMF generates a flow 
pattern in form of a torus, where the melt flows downwards at the axis and upwards along the 
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side walls of the cylinder [134, 135]. That means that the global flow structures obtained by 
applying a TMF or an electric current in the experimental configuration considered here are not 
identical, but rather similar. The parameters of the electric pulses and the TMF (BTMF=12mT) 
were chosen in such a way that the intensities of the produced melt flows (the downward 
velocities at the axis or below the electrodes were taken as reference) can be expected to be 
almost the same as in the ECP experiment shown in figure 3.3h. 
Our assumption does not contradict the main findings reported by the previous studies. For 
example, Li et al. [86] conducted experiments in a similar configuration of parallel electrodes as 
considered here. Electric current pulses at frequencies between 100 and 1,000Hz were generated 
by discharging a capacitor. The authors observed an intensification of the grain refinement in 
pure Al with increasing frequencies. This result can be understood easily, because the increase of 
the frequency for a constant pulse length is equivalent to an increase of the effective current Ieff, 
which in turn leads to a more intensive melt flow.  
 
Figure 3.16: Macrostructure of Al-7wt%Si alloy treated by TMF of 12mT. 
As discussed previously, it could be referred that the forced flow induced by ECP plays a key 
role in the grain refinement of alloys. It should be noted that any convection can be effectively 
damped by the high viscosity [136]. During the solidification process, the viscosity in the melt 
gradually increases on account of the fact that the solid phase is continuously precipitated from 
the melt. It is evident that the ECP application cannot create a substantial melt flow when the 
solid fraction in the sample becomes too large. Hence, it is logical to conclude that there may 
exist an efficient period during which the grain refinement would mainly occur.  
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According to the schematic view shown in figure 3.17, the solidification process of Al-7wt%Si 
hypoeutectic alloy can be divided into: the initial solidification period (including nucleation and 
recalescence), the primary phase growth period and the eutectic structure formation period. As 
the schematic view shown in figure 3.18a, ECP of Ieff=152A was triggered at the initial cooling of 
samples and then powered off after the initial solidified period and the whole solidified period, 
respectively. The corresponding macrostructures in the longitudinal section of the solidified 
samples with forced cooling are presented in figure 3.18b and 3.18c. Significant grain refinement 
can be observed in both samples. In addition, the mean grain size of these two samples was 
quantitatively analyzed. Table 3.2 shows that the grain size in both samples approaches a value of 
about 0.8mm. The achievement of the almost same macrostructure and grain size in these two 
samples indicates that the grain refinement of a sample treated by ECP is mainly produced during 
the initial solidification period. 
 
Figure 3.17: Schematic view of divided periods during the cooling of Al-7wt%Si hypoeutectic 
alloy: (1) melt period, (2) initial solidification period, (3) primary phase growth period, (4) 
eutectic structure formation period, (5) solidification period, (6) solid period. 
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Figure 3.18: Influence of ECP activated time on the macrostructure in the longitudinal section of 
the solidified Al-7wt%Si alloy samples: (a) schematic view of ECP activated time (green line: 
turned on ECP; grey line: turned off ECP), (b) macrostructure for turning off ECP after the whole 
solidified period, (c) macrostructure for turning off ECP after the initial solidified period.  
Moreover, Li et al. [86] have proposed that grain refinement was due to numerous nuclei 
showering down from the thin solidified shell formed at the free surface under the configuration 
of two vertically parallel electrodes which is the same with our employed configuration. They 
thought that the nuclei detachment from the solidified shell was controlled by the electromagnetic 
force. However, this assumption contradicts with our results that the forced flow induced by 
electric currents plays the key role in the grain refinement formation. On account of the fact that 
the forced flow is global, it can predict that the nuclei are not only from the surface, but also from 
other possible positions, e.g. the lateral and bottom inner-wall of the cylindrical crucible. Hence, 
in order to confirm this prediction, as shown in figure 3.19, a hot (heating with the mould) or cold 
(b) (c)
(a)
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(room temperature) stainless steel block was located above the surface of samples 7mm and 
cooled with the mould together to suppress or promote the formation of solidified shell. If the 
formation of solidified shell should have no influence on the grain size, it could be assumed that 
the nuclei are not only from the surface. 
The cooling curves of samples with the hot or cold block are shown in figure 3.20a and 3.20b, 
respectively. The temperature of the sample with a hot block at cylinder axis height of 60mm 
(sample height is 63mm) was about 618.6oC at the initial solidification process, which was larger 
than the liquidus (about 615oC) of Al-7wt%Si samples. It indicates that the alloy is liquid above 
60mm of the samples and no crystal nuclei formed on the oxide layer during the initial 
solidification period. On the other hand, there would be a solid shell at the surface of the samples 
with the cold block, because the temperature at 60mm was 604.2oC, less than the liquidus.  
The corresponding macrostructure in the longitudinal section of the solidified samples with the 
hot or cold block are presented in figure 3.21a and 3.21b, respectively. A significant equiaxed 
zone was generated in both of these two samples. The similar macrostructure can be observed as 
well in the reference sample (without block) in figure 3.18b. In addition, the measured mean 
grain size of these three samples was in 0.8mm range (see table 3.2). It means that the application 
of ECP in the solidified samples without the block, with the hot block and with the cold block 
achieved the same level of grain refinement. It suggests that the formation of the solidified shell 
has no obvious influence on the grain size and the nuclei may also originate from the substrate 
including the inner-wall of the crucible, and the surface of the electrodes.  
 
Figure 3.19: Schematic view of solidification experimental setup with block.  
67 
 
Chapter 3 Role of electric currents effects in the grain refinement 
 
Figure 3.20: Influence of the block (located above the free surface 7mm) temperature on the 
cooling curves in the cylinder axis of Al-7wt%Si alloy samples with ECP: (a) hot block, (b) cold 
block (room temperature). 
 
Figure 3.21: Macrostructure in the longitudinal section of the solidified Al-7wt%Si alloy samples 
with ECP: (a) hot block, (b) cold block (room temperature). 
Table 3.2: Grain size of samples under the application of ECP (Ieff=152A)
Figure 3.18b 3.18c 3.21a 3.21b 
Mean grain size (mm) 0.82 0.83 0.84 0.81 
3.5 Conclusions 
The present chapter considers the impact of electric current on the solidification of Al-7wt%Si 
alloys for the configuration of two parallel electrodes immersed from the free surface into the 
solidifying alloy. The interaction between the applied current and its own induced magnetic field 
(a) (b) 
(a) (b) 
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causes an electromagnetic force which drives an electro-vortex flow into the melt. Our study 
focuses on the role of the induced fluid flow in the process of grain refinement.  
The application of either direct current (DC) or electric current pulses (ECP) at frequencies up to 
200Hz leads to the formation of refined equiaxed grain structures. The consequences on both, the 
mean grain size and the area of the equiaxed zone in the solidified samples are similar if the 
effective current of the pulsed regime corresponds to the amplitude of the DC.  
The numerical analysis demonstrates that the effect of the electromagnetic force is concentrated 
on a small domain beneath the electrodes. The interaction between the diverging current at the 
electrodes and the induced magnetic field causes a very intense driving force in this region which 
produces a strong downward flow in form of two jets. The predicted flow pattern has been 
successfully validated by ultrasonic flow measurements in a low temperature 
Ga-20wt%In-12wt%Sn alloy. Furthermore, the numerical calculations reveal that there does not 
exist any direct shear force and Joule heating in the mushy zone, regardless whether direct 
currents or high-frequency alternating currents are applied. The melt flow induced by the 
electromagnetic force in a restricted area around the electrodes acts as a committer transporting 
the effect of the applied electric current to the growing dendrites. That means that the same 
explanatory model as known from grain refinement in metal alloys solidified under the impact of 
forced convection can be applied for the configuration of electrodes studied here. In our 
experiments the intensity of the melt flows appears to be sufficient in order to explain the effect 
of grain refinement in the Al-7wt%Si alloys. 
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4. Grain refinement mechanism driven by 
electric currents 
4.1 Introduction 
We have shown in chapter 3 that the forced melt flow induced by electric currents plays a key 
role in the grain refinement of solidifying alloy. This chapter concerns the grain refinement 
formation driven by the forced flow during the solidification process.  
Referring to literature [132], the final grain size under the application of the forced flow mainly 
depends on the origin (where the grain is from) and survival of grains. The formed grains may be 
remelted and not survive if they were transported to a position with higher temperature. However, 
in our case, on account of the fact that a thermal homogenization inside the melt was generated 
under the application of electric current (see section 3.3.3), the survival of grains can be 
promoted and guaranteed. Hence, the origin of grains has mainly been focused in the present 
chapter.  
Two origins of equiaxed grains under the application of electric currents are frequently proposed: 
the promoted heterogeneous nucleation and dendrite fragmentation [65, 67-69, 71, 73, 93]. In this 
chapter, the contribution of the two origins to the grain refinement will be investigated by 
performing a series of experiments.  
4.2 Experimental parameter 
As mentioned previously, one of origins of equiaxed grains for grain refinement is the 
heterogeneous nucleation promoted by electric currents. According to the nucleation theory [20, 
111], the heterogeneous nucleation only occurs during the nucleation period and is rapidly 
reduced during the recalescence period. Hence, it is logical to predict that the grain refinement 
cannot be generated during the recalescence period if the promoted heterogeneous nucleation is 
the only origin for grain refinement.  
In order to confirm the prediction, the electric current will be applied during the nucleation 
period and the recalescence period, respectively. As shown in figure 4.1[20, 111], the nucleation 
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period starts when the temperature is below Tm and ends at TL; Tm is the liquidus of the sample 
and TL is defined as the lowest temperature point before the recalescence phenomenon occurs. 
The recalescence period is the time in which the temperature of the sample increases from TL to 
TH; TH is defined as the highest temperature point after the occurrence of the recalescence 
phenomenon. Here for the purpose of applying electric current during the nucleation period, the 
pulsed electric current (ECP) was initiated at the temperature of about 7000C and powered off at 
a temperature point between Tm and TL. For the sake of applying electric current during the 
recalescence period, ECP was initiated just over TL and powered off near TH. The electric current 
parameters were chosen as IP=480A, f=200Hz, tp=0.5ms, Ieff=152A. 
In addition, in order to apply electric current exactly during the nucleation period or the 
recalescence period, it is necessary to keep the whole sample triggering the nucleation or 
recalescence at the same time. To achieve it in an attempt, two different cooling conditions were 
examined. Figure 4.2 presents the cooling curves of Al-7wt%Si alloy solidified in the 
double-walled mould under the two cooling conditions. It was shown that the nucleation or 
recalescence phenomenon occurred at various times in different parts of the sample with and 
without ECP when the forced cooling was conducted from the bottom of the double-walled 
mould (see figure 4.2a and 4.2b). Figure 4.2c and 4.2d show the cooling curves of Al-7wt%Si 
alloy with and without ECP solidified in the mould without forced cooling. Although it can be 
observed that there was a slight difference of the temperature field between the samples with and 
without ECP, this kind of cooling condition can still guarantee that the nucleation or recalescence 
phenomenon occurred at the same time in the whole sample. Hence, in the present chapter, the 
double-walled mould without forced cooling of its bottom was employed. 
Another frequently proposed origin for grain refinement under the application of electric currents 
is the promoted dendrite fragmentation [65, 73]. According to the research about the dendrite 
fragmentation under the application of forced flow [118, 124], it seems likely that the dendrite 
arms detachment is caused by the solute fluctuations at the root of the dendrite arm. Here in an 
attempt to avoid the influence of solute, the high purity aluminum of 99.998% was employed to 
perform the solidification experiments. To keep the purity of aluminum, the sample was directly 
cut from the raw high purity aluminum billet and carefully ground on the SiC paper to clean the 
surface; graphite electrodes were adopted on account of the fact that the diffusion of carbon 
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atoms into the melt is really slow. 
Moreover, it should be noted that it is not easy to form the dendrite during solidification on 
account of the absence of constitutional undercooling [111]. The research difficulty is also 
increased in view of the fact that the microstructure morphology cannot be observed in 
as-solidified pure metal [111]. However, the dendrite can be still formed in pure metal during the 
solidification process if a homogenized temperature field is achieved [111]. In the present chapter, 
in order to generate the homogenized temperature field, the solidification of high purity 
aluminum under the application of electric current was carried out in the double-walled mould 
and cooled in air. The employed mould cooling in air can significantly decrease the temperature 
gradient; the forced flow induced by electric current also can homogenize the temperature field. 
Figure 4.3 shows the corresponding cooling curves under the application of ECP (IP=480A, 
f=200Hz, tp=0.5ms, Ieff=152A). It can be found that the homogenized temperature field was well 
guaranteed at the beginning of the solidification period. 
Figure 4.1: Schematic view of a cooling curve during the initial solidification. Tm: liquidus of 
sample, TL: lowest point before recalescence, TH: highest point after recalescence, ǻT: 
undercooling, 1: nucleation period, 2: recalescence period. 
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Figure 4.2: Cooling curves of Al-7wt%Si alloy solidified in the double-walled mould: with 
forced cooling (a) without ECP, (b) with ECP; without forced cooling (c) without ECP, (d) with 
ECP. 
 
Figure 4.3: Cooling curves of the high purity aluminum solidified in the double-walled mould 
without forced cooling.  
(c) (d)
(a) (b)
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4.3 Results  
4.3.1 Solidified structure of Al-Si alloy 
The purpose of this section is to investigate the macrostructure formation during the nucleation 
period and recalescence period under the application of electric current. It is beneficial to 
understand the origins of grain refinement as mentioned in section 4.2.  
Figure 4.4 schematically presents the applying time of ECP during the solidification of 
Al-7wt%Si alloy. It can be seen that solidification experiments of six samples were carried out. 
The first sample was solidified without the influence of electric current as a reference. As for the 
second one, the electric current was applied at a temperature of about 7000C until the 
recalescence period almost finished. The electric current was also turned on at a temperature of 
about 7000C for the following three ones. The difference is the powered off electric current in the 
nucleation period. As regards the last one, the electric current was only applied during the 
recalescence period.  
Corresponding macrostructures in the longitudinal section of the solidified samples are shown in 
figure 4.5 and 4.6. Figure 4.5 shows the macrostructure of the whole sample photographed by a 
digital camera, while figure 4.6 shows an enlarged view of macrostructure in figure 4.5 
photographed by a microscope using the polarized light. In figure 4.5a and 4.6a a few numbers of 
coarse equiaxed grains with dendrite morphology solidified in the reference sample without the 
impact of electric current can be seen. Figure 4.5b and 4.6b show the macrostructure when ECP 
has the influence on the solidification during both the nucleation period and recalescence period. 
It can be seen that a significant grain refinement was generated. The obtained finer equiaxed 
grains are really similar to the macrostructures of the sample (see figure 3.18b) in which the same 
electric current parameter was applied during the whole solidification process. It seems likely 
that the grain refinement mainly occurs during the nucleation period and recalescence period 
under the application of electric current. Figures 4.5c-e and 4.6c-e show macrostructures of 
samples treated by ECP during the nucleation period. It can be observed that the macrostructure 
of the samples was gradually refined when the ECP stopping time is closer to the TL. However, it 
should be noted that although the finer grains were generated, the grains are still coarser than the 
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grains in figure 4.5b. It indicates that the grain refinement also should be caused during the 
recalescence period. Figures 4.5f and 4.6f present the macrostructure of the sample treated by 
ECP only during the recalescence period. It can be seen that the grain refinement occurred in 
view of many tiny generated grains. The occurrence of so many tiny grains may be due to the 
influence of the suddenly applied electric current (e.g. the effect of transient flow (spin-up [137])). 
Nevertheless, the phenomenon still indicates that the grain refinement occurs during the 
recalescence period under the application of electric current. As mentioned previously in section 
4.2, it was proposed that the grain refinement cannot be observed during the recalescence period 
if the promoted heterogeneous nucleation was the only origin for grain refinement. Our results do 
not confirm this assumption, which means that there should be another origin (dendrite 
fragmentation) to supply the refined equiaxed grains for grain refinement.  
Respectively, measured mean grain size of samples shown in figure 4.5 is presented in table 4.1. 
The grain size in the sample without ECP was 2.82mm. When the applied time of ECP during the 
nucleation period was stopped closer to the TL, the grain size gradually decreased from 2.12mm 
to 1.63mm. Finally, the grain size approached at a value of 0.88mm when ECP was applied 
during both, the nucleation and recalescence period.  
 
Figure 4.4: Schematic view of ECP applying time (green line: turned on ECP; grey line: turned 
off ECP; a-f: corresponding the following a-f in figure 4.4 and 4.5).  
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Figure 4.5: Influence of ECP applying time on the longitudinal section macrostructure of the solidified 
Al-7wt%Si alloy samples: a-f corresponding to the various applying time shown in figure 4.4. 
 
(e) (f)
(c) (d)
(a) (b)
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Figure 4.6: Enlarged macrostructures in the longitudinal section observed by microscope with 
polarized light: a-f corresponding to the various applying periods shown in figure 4.4. 
  
(c) (d)
(b)
5mm
5mm 5mm
5mm
5mm 
5mm 
(a) 
(e) (f)
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Table 4.1: Influence of the applied ECP (Ieff=152A) on the grain size of samples without forced 
cooling
Figure 4.5 (a) (b) (c) (d) (e) 
Mean grain size (mm) 2.82 0.88 2.12 1.81 1.63 
4.3.2 Cooling curves of Al-Si alloy  
We have shown in section 4.3.1 that both, the promoted heterogeneous nucleation and the 
dendrite fragmentation have the potential to be the origin for the grain refinement. Here we will 
examine the possible contribution of heterogeneous nucleation to the reduction of grain size. 
According to the classical nucleation theory [104, 111], the heterogeneous nucleation under the 
application of electric current may be promoted by two possibilities, increasing the undercooling 
and reducing the nucleation energy barrier ǻG*. It has been proposed that the undercooling can 
be increased by electric current to promote the heterogeneous nucleation as well as the grain 
refinement [67, 93]. However, the cooling curves of the sample under the application of electric 
current should be carefully examined because the forced flow induced by electric current can 
modify the temperature field (see section 3.3.3). On account of the change of temperature field 
by electric current, it is possible that the samples with and without electric currents experienced 
different cooling rate. It has been reported that the different cooling rate can give rise to different 
undercooling [138]. Hence, it is necessary to set both of the samples with and without ECP in the 
same cooling rate to investigate the influence of electric current on the undercooling.  
Figure 4.7 displays the measured cooling curves at the cylinder axis height of 30mm for the 
Al-7wt%Si alloy with and without electric current. Fortunately, it can be seen that the almost 
same cooling rate and history were achieved in the Al-7wt%Si alloy with and without the 
application of ECP when the solidification experiments were carried out in the double-walled 
mould without the forced cooling. Hence, the effect of electric current on the undercooling can be 
investigated convincingly by carefully comparing the cooling curves with and without ECP. 
According to the classical heterogeneous nucleation theory [104, 111], the undercooling ǻT is 
defined as the difference between the liquidus Tm and TL (ǻT= Tm-TL). Since Tm should be 
constant for the alloy with a determined composition, the undercooling only depends on the value 
of TL. As shown in figure 4.7, in comparision with the reference sample without electric current, 
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the TL was increased in the sample under the influence of electric current. The measured TL for 
the sample without applied ECP was 611.3oC; for the sample with applied ECP it was 612.9oC 
(see table 4.2). It should be noted that although the temperature measurement error of the 
employed thermocouples is as high as ±1oC, only the repeatability error of the thermocouple was 
considered here because the same thermocouple was employed in the solidification experiments 
with and without ECP. The repeatability error of the thermocouple is about ±0.1oC based on four 
times temperature measurement. Hence, it can fully identify that the TL was increased under the 
application of electric current. On account of the relationship between the undercooling ǻT and 
the TL, it indicates that the undercooling was decreased when the electric current was applied. It 
suggests that the heterogeneous nucleation cannot be promoted by electric current through 
modifying the undercooling.  
 
Figure 4.7: Cooling curves of the solidified Al-7wt%Si alloy samples without forced cooling. 
Table 4.2: Influence of the applied ECP (Ieff=152A) on the TL of samples without forced cooling 
 Without ECP With ECP
TL(0C) 611.3 612.9 
4.3.3 Solidified structure of high purity aluminum 
As mentioned previously, another possibility to promote the heterogeneous nucleation is reducing 
the nucleation energy barrier ǻG*. A theoretical analysis has been performed to propose that the 
heterogeneous nucleation was promoted through reducing the nucleation energy barrier ǻG* by 
electric current itself [68-71]. According to this analysis, the reduction of the nucleation energy 
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barrier ǻG* by electric current only depends on the fact that the nucleus has a higher electric 
conductivity than the melt (see equation 1.24). In view of the fact that the electric conductivity of 
the nucleus (8.0×106s/m) is larger than that of the melt (3.5×106s/m) in pure aluminum, the 
reduction in grain size still can be observed in the high purity aluminum under the influence of 
electric currents. Hence, the solidification experiments were performed in high purity aluminum 
of 99.998%. Figure 4.8 presents the macrostructure in the longitudinal section of pure aluminum. 
It can be seen that almost the same macrostructure was generated regardless of the application of 
ECP. Several coarse grains were observed in both of the samples with and without treatment of 
ECP. It is evident that the grain refinement was not observed in pure aluminum no matter if the 
electric current was applied. The experiment results do not confirm the theoretical analysis. It 
means that the heterogeneous nucleation cannot be promoted by the possibility proposed in the 
theoretical analysis.  
In summary, although it was frequently proposed that the heterogeneous nucleation was 
promoted by changing the nucleation energy barrier ǻG* and undercooling ǻT under the 
application of electric currents [67-71, 73, 80, 93], our experiment results did not support the two 
possibilities. It could be concluded that the heterogeneous nucleation cannot be promoted by 
electric current to as the main origin for grain refinement; the main origin for the grain 
refinement under the application of electric current is more likely to be the dendrite 
fragmentation promoted by the current-induced forced flow. 
In addition, it has been proposed that the dendrite fragmentation, as well as the dendrite arms 
detachment under the application of forced flow, is caused by the flow-induced solute 
fluctuations at the root of the dendrite arm [118, 124]. As mentioned previously in section 4.2, in 
order to confirm if the dendrite fragmentation is promoted by the solute fluctuations induced by 
the forced flow, the high purity aluminum of 99.998% was employed to avoid the influence of 
solute. Figure 4.8 presents that no grain refinement is generated regardless of the application of 
ECP. It means that the grain refinement is not produced when the solute effect is irrelevant. 
Hence, the achieved experimental results can fully identify that the flow-induced dendrite 
fragmentation is an important origin for the grain refinement driven by electric current; the 
detachment of dendrite arms are mainly due to the solute fluctuations induced by the forced flow.  
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Figure 4.8: Influence of the ECP on the longitudinal section macrostructure of the solidified pure 
Al (99.998%) samples without forced cooling: (a) without ECP, (b) with ECP. 
4.4 Discussion 
The main purpose of this chapter is to investigate the contribution of the two origins 
(heterogeneous nucleation and dendrite fragmentation) to the grain refinement under the 
application of electric current. As concluded from the experiment results, the heterogeneous 
nucleation cannot be promoted under the application of electric current. A reduction of 
undercooling can be observed in the sample under the impact of electric current; solidification 
experiments of high purity of aluminum have not shown the possibility to cause the grain 
refinement by reducing the nucleation energy barrier ǻG*. The equiaxed grains in the refined 
alloy under the application of electric current are mainly from the dendrite fragmentation that are 
promoted by the induced forced flow during both, the nucleation period and the recalescence 
period. The reduction of grain size cannot be achieved in the sample with electric current when 
the solute effect is irrelevant. It indicates that the promoted dendrite fragmentation, as well as the 
dendrite arm detachment in alloys driven by electric current, is mainly due to the flow-induced 
solute fluctuations.  
Actually, the dendrite fragmentation phenomenon was frequently observed in the solidification of 
various alloys by using the X-ray in-situ observation technique [118, 131, 139-142]. The results 
have shown that the dendrite fragmentation can be intensively promoted under the application of 
(b)(a) 
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external energy fields [131, 140]. As shown in figure 4.9, the dendrite fragmentation of the Sn-Bi 
alloy was promoted by the ultrasonic vibration [140]. Figure 4.10 shows the dendrite 
fragmentation of the Al-Cu alloy under the application of a pulsed electromagnetic field [131]. It 
is evident that the dendrite fragmentation was promoted by the pulsed electromagnetic field. As 
for the dendrite fragmentation under the application of ultrasonic vibration or pulsed 
electromagnetic field, both Liotti et al. [131] and Nagira et al. [140] suggested that this 
phenomenon was promoted by the forced flow in the inter-dendritic liquid that was generated by 
the applied external energy fields.  
It has often been proposed that the forced flow can induce the temperature fluctuations [44, 117, 
143] and/or solute fluctuations [44, 143, 144] to promote the dendrite arms remelting as well as 
the dendrite fragmentation. Recent investigations [131, 140] showed that the dendrite 
fragmentation was mainly promoted by the solute enrichment induced by the forced flow. In 
particular, the dendrite arm remelting process caused by the solute enrichment was directly 
observed using X-ray techniques [118]. Figure 4.11 shows the contour of solute distribution 
during the fragmentation of a dendrite arm. It is evident that the solute enrichment caused the 
detachment of dendrite arm. It is consistent with our experiment results. As shown in section 
4.3.2, the grain refinement was not observed in the high purity aluminum regardless of the 
application of electric current. 
In addition, Campanella et al. [124] and Kumar et al. [145] formulated a simple criterion for 
fragmentation induced by fluid flow on the basis of solute remelting of dendrite arms. They 
concluded that dendrite fragmentation occurs when the component of inter-dendritic fluid 
velocity ul,z along the thermal gradient becomes larger than the velocity of the isotherms VT for 
the alloys of the distribution coefficient kޒ1. 
, / 1R l z TC u V ! (4.1)
Here we cannot show the real value of the ul,z and VT in our case. However, the value of the ul,z 
should be far larger than the VT to provoke dendrite fragmentation on account of the low cooling 
rate and the strong forced flow generated by electric current in our experiment. The cooling 
curves of the Al-Si solidified in the double-walled mould without forced cooling presented that 
the cooling rate of the melt was only about 0.50C/s. As for the applied ECP of Ieff=152A (see 
section 4.2), our flow measurements in Ga-20wt%In-12wt%Sn revealed a value of about 70mm/s 
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for the vertical velocity arising from the downward jets below the electrode (see figure 3.6), 
which corresponds to an approximate value of almost 77mm/s in Al-7wt%Si.  
 
Figure 4.9: Dendrite fragmentation of Sn-Bi alloy under the application of ultrasonic vibration 
(UV): (a) without UV, (b) with UV. The fragmentation event is identified by the white arrows 
[140].  
 
Figure 4.10: Dendrite fragmentation of Al-Cu alloy under the application of a pulsed 
electromagnetic field (PEMF): (a) without PEMF, (b) with PEMF. The fragmentation event is 
identified by the yellow circles [131].  
(a) (b)
(a) (b)
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Figure 4.11: Contours showing solute-enrichment during the fragmentation of a dendrite arm 
(colored in grey) in Al-Cu alloy observed by X-ray [118]. 
4.5 Conclusions 
The present chapter investigated on the origin of equiaxed grain for grain refinement under the 
application of electric current. The experimental results showed that the grain refinement of 
Al-7wt%Si alloy under the influence of electric current was generated not only during the 
nucleation period, but also during the recalescence period. It is also presented that the grain 
refinement did not occur in the high purity aluminum no matter whether the electric current was 
applied. Based on the experiment results, it can be concluded that the main origin of equiaxed 
grain for grain refinement was from the detached dendrite arms. The detachment process, as well 
as the dendrite fragmentation, was promoted by solute fluctuations induced by the forced flow.  
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5. Supplemental investigations 
There are two highlights that have been presented in chapter 3 and 4: the forced flow induced by 
electric currents is the leading effect to drive the grain refinement; it is suggested that the dendrite 
fragmentation promoted by the forced flow was the main origin for the grain refinement. Based 
on these two points, some further experiments will be performed in this chapter to gain 
knowledge with respect to the application of the two highlights.  
5.1 A potential approach to improve the grain refinement 
5.1.1 Introduction 
We have experimentally and numerically approved that a strong global forced flow was induced 
by applied electric currents in the melt under the configuration of two parallel electrodes 
immersed from the free surface into the electrically conducting melt. Subsequently, the relevance 
of forced convection to the grain refinement of Al-7wt%Si alloy was demonstrated. Numerical 
results showed both, the maximum electromagnetic force and Joule heating were confined in a 
small domain beneath two electrodes. Meanwhile, the experiment results presented that the 
almost same equiaxed structures were observed under the same flow intensity induced by ECP 
and TMF. When the higher intensity of the flow was generated, the smaller grain size was 
observed in the Al-7wt%Si alloy. It was fully convincing to conclude that the forced flow would 
be the leading effect for the grain refinement of alloys (see chapter 3).  
The employed electric current parameter is really important with respect to the intensity of the 
forced flow. However, is it possible to increase the intensity of the forced flow when the electric 
current parameter is fixed? According to the magnetohydrodynamic theory [136], the forced flow 
is controlled by the electromagnetic force which is caused by the interaction between the applied 
current and its own induced magnetic field. The electric current distribution must be of 
importance to the generated electromagnetic force and to the forced flow. Hence, it is a potential 
way to promote the intensity of the forced flow by controlling the electric current distribution.  
The present section will investigate the influence of the electric current distribution on the forced 
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flow as well as the resulted grain refinement under the same inputting electric current parameters. 
It should be noted that the electric current distribution can be changed by numerous factors, such 
as electrodes geometry, numbers, conducting position, and so on. Here we just consider the effect 
of the electric current distribution on the forced flow and grain refinement by arranging the 
electric current flowing through different part of the electrodes.  
5.1.2 Experimental parameter 
The geometry of the experimental setup is the same as the one shown in section 2.2. In order to 
change the electric current distribution, an electric insulation material (BN) covered different 
parts of the cylindrical electrodes and was used to limit the electric current flowing. As the 
schematic view shown in figure 5.1a, there is no electric insulation cover on the electrode, which 
is usually employed by other scholars [73, 86]. Such kind of electrode means that the electric 
current can flow through the sidewall of the electrode. For the other one, as used in our other 
solidification experiments (see section 2.3.1) the sidewall was covered with electric insulation to 
prohibit the electric current flow. Only the bottom surface of the electrode is allowed to conduct 
the electric current (see figure 5.1b). 
Both kinds of electrodes were used to perform solidification experiments by conducting DC of 
IDC=152A in Al-7wt%Si alloy. The forced cooling of the sample through the mould bottom and 
the treatment by DC were triggered at the same time. The application of electric currents was 
powered off when the temperature of the samples was cooled to the eutectic point. The 
corresponding melt flow measurements were carried out in the eutectic alloy 
Ga-20wt%In-12wt%Sn to examine if the electric current flow through different parts of the 
electrodes has an effect on the flow intensity. A single sensor was located at three different 
positions (see figure 3.5) to measure the melt flow. 
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Figure 5.1: Schematic view of the electrode: (a) without electric insulation, (b) sidewall with 
electric insulation. 
5.1.3 Results and discussion 
Solidified macrostructure 
Figure 5.2 shows the longitudinal macrostructure of solidified Al-Si alloy under the impact of 
IDC=152A using the two kinds of electrodes. In both of the two solidified samples, it can be found 
that numerous refined equiaxed grains were produced. The equiaxed grains were almost equally 
distributed throughout the whole samples. However, it can be still observed that the larger grains 
occurred in the reference sample treated by DC through two vertically parallel electrodes with an 
un-insulated lateral surface (see figure 5.2a). In contrast, as shown in figure 5.2b, the finer grains 
were generated in the sample where the same electric current was only allowed to conduct 
through the bottom surface of the electrodes into the solidifying sample. The various grain size 
generated in both samples indicates that the different electrodes conditions, as well as electric 
currents distributions, have significant impact on the grain refinement of the solidified sample 
even though the same geometry and electric current parameter were applied.  
(a) (b)
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Figure 5.2: Influence of electric current distribution on the macrostructure of samples ECP: 
electric current flowing through (a) sidewall of electrode, (b) bottom surface. 
Forced flow 
Flow measurements were performed in Ga-20wt%In-12wt%Sn melt to investigate the influence 
of various electric current distributions on the forced flow induced by electric current. Figure 5.3 
presents the vertical velocity measured at three positions (see figure 3.5) under the applied ECP 
of IDC=152A when the electric current flowed through the sidewall and bottom surface of the 
electrodes, respectively. The same flow pattern can be observed under both of these two different 
electric current distributions. The flow direction at the cylinder axis was downward in the upper 
part and upward in the bottom part, as shown in figure 5.3a and 5.3b. For the position underneath 
the electrodes, a downstream flow was generated (see figure 5.3c and 5.3d). When the measured 
point was vertically located on the sidewall of the plane perpendicular with the plane containing 
the two parallel electrodes, an upward flow was observed (see figure 5.3e and 5.3f).  
However, although the same flow pattern was generated, the flow intensity inside the melt was 
obviously stronger at all positions when the sidewall surface of the electrodes was covered by 
electric insulation material to confine the electric current only flowing through the bottom surface 
of the electrodes. Particularly, at the measured position beneath the electrodes, the largest vertical 
velocity was only about 40mm/s for the electrodes without BN (see figure 5.3c) while the value 
was at least as high as 70mm/s for the electrodes with BN (see figure 5.3d). The presented 
experimental results can explain why the finer grain size was observed in the solidified sample 
when the electric current was only allowed to conduct through the bottom surface of the 
(a) (b)
89 
 
Chapter 5 Supplemental investigations 
electrodes (see figure 5.2b). It indicates that the higher flow intensity, as well as finer grain size, 
can be created by controlling the electric current distribution even if the fixed electric current 
parameter is applied. Moreover, this potential approach is not only feasible but also flexible. Here 
we just showed a possible method to control the electric current distribution by means of 
covering electric insulation materials on electrodes. Various alternative methods can also be 
developed to improve the electric current distribution. Investigating the effect of the electric 
current distribution on the grain refinement of alloys should be really attractive for the industry 
on account of the fact that the finer grain size can be achieved without higher energy input.  
 
 (c) (d) 
(a) (b)
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Figure 5.3: Influence of electric current distribution on the vertical velocity measured at three 
positions under the applied ECP of IDC=152A: electric current flowing through sidewall of 
electrodes: (a) P1, (c) P2, (e) P3; through bottom surface of electrodes: (b) P1, (d) P2, (f) P3. 
5.2 Macrosegregation formation 
5.2.1 Introduction 
Macrosegregation describes the inhomogeneity of solute distribution in the ingot scale. 
Investigating the macrosegregation in alloy ingots is of high importance, because a serious 
macrosegregation can cause inhomogeneous mechanical properties of a product and remarkably 
deteriorate the quantity of alloy ingots. In order to control the macrosegregation formation in 
alloys, many studies have been performed and found that the flow plays a key role in the 
macrosegregation formation [146, 147].  
The forced flow can be driven by magnetic fields, such as the rotating magnetic field (RMF) and 
traveling magnetic field (TMF) [41, 148-151]. Applying RMF in a directionally solidified 
AlSi7Mg0.6 alloy, Zimmermann et al. found that the forced flow results in an axial 
macrosegregation (rich silicon) in the centre part of a sample [148]. Meanwhile, Zaïdat et al. 
reported that a freckled segregation in the directional solidification of Al-3.5wt%Ni alloy was 
induced under the influence of TMF [149]. Noeppel et al. simulated the macrosegregation 
formation in directionally solidified alloys under the presence of RMF or TMF and showed that 
(e) (f)
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the macrosegregation pattern was driven by the forced flow structure [150]. Furthermore, a novel 
approach was invented by Willers et al. to suppress the macrosegregation of solidified Al-Si alloy 
by controlling the applying time of RMF [41]. Recently, based on a series of Al-Si alloy 
solidification experiments with RMF, Jie et al. proposed a macrosegregation formation 
mechanism [151]. 
However, less attention has been paid to the impact of electric currents on the macrosegregation 
formation in solidified alloys. We have found out that the electric current can cause a strong 
forced flow in the melt (see chapter 3). In view of the effect of forced flow on the solute 
distribution, is it possible to control the macrosegregation by the forced flow solely applying 
electric currents? The present section is devoted to investigating the solute distribution under the 
impact of forced flow induced by electric currents. 
5.2.2 Experimental parameter 
The solidified Al-7wt%Si samples used here to measure the solute distribution in the ingot scale 
are the samples that have been analyzed on the effect of electric current on the grain size (see 
figure 3.1). Selected samples were ground and polished from 6ȝm to 1ȝm, and then directly 
photographed under an optical microscope MeF4 (Leica Microsystems, Wetzlar). The 540 single 
pictures (2.88mm×2.16mm) were created, which fully cover the whole area of a sample.  
As the picture of the as-solidified Al-7wt%Si hypoeutectic alloy shows in figure 5.4a, the phases 
consist of the primary Al phase and the eutectic phase. The primary Al phase is in white color, 
while the eutectic phase is black under the optical microscope with the grey mode. Hence, the 
phases can be colored and classified via contrasting the grey values of the phases (see figure 
5.4b). Subsequently, the area percentage of the eutectic phase can be calculated. 
Macrosegregation can be reflected by comparing the area percentage of the eutectic phase in each 
single picture. The phase analysis was performed using the software package ANALYSIS FIVE 
(Olympus Europe, Hamburg). In view of the fact that the induced forced flow pattern by electric 
current is not axially symmetric under our configuration (see figure 3.3), the phase analysis in 
both, the plane (S1, see figure 5.5) containing the electrodes and the plane (S2) perpendicular to 
the electrode plane was performed.  
Here it should be noted that although 540 single pictures were created to cover the whole area of 
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the sample, 432 single pictures were used to measure the eutectic phase content because there is 
an un-measurable region at the top of the sample due to the shrinkage. In order to show the 
amplitude of macrosegregation in each sample, the variance (Var) of the eutectic phase content in 
the sample was calculated by: 
432
2
1
1 ( )
432 ii
Var X X
 
 ¦  (5.1) 
where Xi is the eutectic phase content in each single picture, X is the mean value of the eutectic 
phase content for 432 single pictures. 
 
Figure 5.4: Microstructure of as-solidified Al-7wt%Si hypoeutectic alloy: (a) grey, (b) color. 
 
Figure 5.5: Schematic view of the sectioned planes. 
5.2.3 Results and discussion 
Effect of electric current on solute distribution 
Figure 5.6 presents the plotted contour for eutectic phase distribution and the pointed 
S1
S2
Electrode
(a) (b)
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microstructure of the as-solidified Al-7wt%Si hypoeutectic alloy. The eutectic phase distribution 
in the S1 of the reference sample without treatment of electric current was not strictly uniform 
but, the difference is not obvious. The microstructure in the two numbered pictures also showed a 
non-observable difference for the area percentage of the eutectic phase (see figure 5.6a). A 
significant difference of the eutectic phase distribution can be observed in the S1 and S2 of the 
samples treated by ECP of IP=480A, f=200Hz, tp=0.5ms, Ieff=152A (see figure 5.6b and 5.6c). It 
means that the macrosegregation of solute was created in the ingot under the influence of electric 
current. In particular, as shown in figure 5.6b, a really obvious negative macrosegregation was 
caused at the region (marked with number 1). Two microstructure figures marked in the contour 
showed an observable difference of eutectic phase content between the region beneath the 
electrodes and the bottom part. 
 
 
(a)
94 
 
Chapter 5 Supplemental investigations 
 
 
 
(b)
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Figure 5.6: Eutectic phase distribution and microstructures of Al-7wt%Si alloy: S1 (a) without 
ECP, (b) with ECP; S2 (c) with ECP of IP=480A, f=200Hz, tp=0.5ms, Ieff=152A. 
Effect of Ieff on macrosegregation 
The influence of the value of effective electric current on the solute distribution is investigated by 
measuring the eutectic phase distribution in S2 of Al-7wt%Si hypoeutectic alloy samples treated 
by various parameters (Ieff) of electric currents. Figure 5.7 shows the selected contour of the 
eutectic phase distribution. It can be observed that the difference of the eutectic phase distribution 
in samples increases with Ieff. It means that the macrosegregation turns more obvious with the 
increase of the effective current intensity (see figure 5.7a-d). In order to display the effect of Ieff 
on the variation of macrosegregation quantitatively, the variance of the eutectic phase content 
was calculated on the whole longitudinal section for each sample. The corresponding plot is 
shown in figure 5.8. It can be found that the variance gradually increased with the intensity of the 
effective current value, which indicates that the macrosegregation increased with Ieff. 
 (a) IP=120A, f=50Hz, tp=0.5ms (b) IP=120A, f=100Hz, tp=1ms   
(c)
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Figure 5.7: Eutectic phase distribution on the longitudinal section S2 of Al-7wt%Si alloy: (a) 
Ieff=19A; (b) Ieff=38A; (c) Ieff=76A; (d) Ieff=152A. 
 
Figure 5.8: Influence of effective electric current on the variance of eutectic phase content. 
Discussion 
The knowledge with respect to the reasons for the macrosegregation formation during the 
solidification process has been well developed [146]. It has been recognized that the forced flow 
is one of reasons to cause the solute segregation [146-151]. As shown in figures 3.4 and 3.6, a 
forced flow was generated in the conducted Ga68In20Sn12 melt under the interaction between the 
applied electric currents and its self-induced magnetic field. It can be seen that the forced flow 
was generated in the melt under the impact of electric current. Although the flow measurement 
was performed in the Ga68In20Sn12 liquid melt, the forced flow cannot only occur in the melt of 
the Al-7wt%Si melt driven by electric current, but the generated flow intensity should be even 
(c) IP=120A, f=200Hz, tp=2ms (d) IP=480A, f=50Hz, tp=2ms  
97 
 
Chapter 5 Supplemental investigations 
slightly higher (see section 2.2.2). Hence, it can explain the macrosegregation formation in 
Al-7wt%Si alloy under the impact of electric current. Moreover, it was found that the flow 
velocity was accelerated with the increase of the value of Ieff (see figure 3.8). It is consistent with 
the evolution of macrosegregation with the Ieff (see figure 5.8). 
5.3 Grain refinement driven by TMF 
5.3.1 Introduction 
It has been proven that the forced flow induced by electric current was the key effect to cause the 
grain refinement in alloys (see chapter 3). In addition, our experimental results indicate that the 
main origin of the equiaxed grains under the application of electric current was due to the 
dendrite fragmentation rather than the heterogeneous nucleation; the detachment of dendrite arms 
was driven by the solute remelting (see chapter 4).  
As mentioned previously in section 1.4.4, the grain refinement in solidified alloy under the 
application of EMS was caused by the forced flow inside the melt. Dendrite fragmentation 
promoted by the forced flow generated by EMS is already widely accepted as the main origin for 
the grain refinement in alloys. It seems like that the same grain refinement formation process was 
caused by electric current and EMS.  
Nevertheless, it is still necessary to carefully demonstrate this prediction on account of the fact 
that the electric current and EMS are two totally different patterns of the electromagnetic field. 
Here TMF as one kind of EMS was applied in the solidification experiments to confirm the 
prediction.  
5.3.2 Experimental parameter 
Solidification experiments of Al-7wt%Si alloy and high purity aluminum cooled in air were 
carried out under the application of TMF (downward, 10mT). In order to compare with the 
experimental results under the application of electric currents, the same solidification 
experimental setup, sample geometry, experimental procedure and metallography method (see 
chapter 2) were employed.  
98 
 
Chapter 5 Supplemental investigations 
5.3.3 Results and discussion 
Solidified structure of Al-Si alloy 
As the schematic view shows in figure 5.9, TMF was applied respectively during various 
solidification periods: the whole solidification period, the initial solidification period, the 
nucleation period and the recalescence period. The corresponding macrostructure on the 
longitudinal section of solidified Al-7wt%Si samples are presented in figure 5.10. Comparing the 
reference sample without the treatment of the energy field shown in figure 4.7a, a significant 
grain refinement occurred in the sample treated by TMF during the whole solidification period 
(see 5.10a). It also can be found that the similar macrostructure was generated in the sample of 
Al-7wt%Si alloy when TMF was applied during the initial solidification period. It indicates the 
grain refinement formation of the sample with treatment of TMF was also activated in the initial 
solidification period. Hence, in the following two solidified samples, TMF was applied in the 
nucleation and recalescence period, respectively. Figure 5.10c presents the macrostructure on the 
longitudinal section of the solidified Al-7wt%Si sample under the treatment of TMF during the 
nucleation period. The coarse equiaxed grains can be observed in the sample, but the grain size 
was still reduced by comparing the macrostructure of the sample without applying TMF (see 
figure 4.7a). Figure 5.10d shows that the tiny grains were produced and mixed with coarse grains 
when TMF of 10mT was only applied during the recalescence period. It means that the grain 
refinement is caused during the recalescence period.  
 
Figure 5.9: Schematic view of TMF (10mT, downward) applying time (blue line: turned on TMF; 
grey line: turned off TMF; a-d: corresponding the following a-d in figure 5.10). 
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Figure 5.10: Influence of the various TMF (10mT, downward) applying time on the longitudinal 
section macrostructure of the solidified Al-7wt%Si alloy samples without forced cooling: a-d 
corresponding to the various applying times shown in figure 5.9. 
The corresponding grain size measurements were performed to achieve further insights into the 
macrostructure evolution driven by applying TMF during different solidification periods (see 
table 5.1). It can be found that both samples treated during the whole and initial solidification 
period achieved the grain size level of 1mm. The produced grain of almost the same size can 
fully approve that the grain refinement occurred during the initial solidification period. Moreover, 
the grain size of 1.98mm was approached when TMF was applied during the nucleation period. It 
is less than the grain size of the sample without treatment of TMF (2.82mm). This furthermore 
indicates that the grain refinement driven by TMF occurred during the nucleation period. In 
addition, the maximum undercooling is compared between both samples with and without the 
application of TMF. It can be observed that the maximum undercooling was also decreased when 
(c) (d)
(a) (b)
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TMF was applied. As shown in table 5.1, TL was increased by about 1.8oC from 611.2 oC (without 
TMF) to 613oC.  
Table 5.1: Influence of the various TMF applying time on the grain size and TL of samples 
without forced cooling
Figure 4.7a 5.10a 5.10b 5.10c 
Mean grain size (mm) 2.82 1.06 1.01 1.98 
TL(0C) 611.25 612.96 612.93 613.08
Solidified structure of high purity aluminum 
As mentioned previously (see section 1.4.4), it is widely accepted that the dendrite fragmentation 
promoted by the forced flow is the main origin for the grain refinement in alloys under the 
application of EMS. Both, temperature fluctuations and solute fluctuations induced by the forced 
flow are frequently proposed for the dendrite arms detachment. However, as shown in section 
4.3.2, experiment results using high purity aluminum suggested that the dendrite arms remelting 
process in alloys under the application of electric current was driven by the solute fluctuations 
rather than the temperature fluctuations. Hence, in the presented section, the solidification 
experiments of high purity aluminum were also performed under the influence of TMF to 
confirm if the solute fluctuations drive the remelting process. Two grades of high purity 
aluminum, 99.998%Al and 99.9999%Al, were employed.  
The macrostructure on the longitudinal section of solidified samples is shown in figure 5.11. The 
several coarse grains were observed in both 99.998%Al and 99.9999%Al samples without 
treatment of TMF (see figure 5.11a and 5.11c). For the samples treated by TMF, it can be found 
that a really light grain refinement occurred in the 99.998%Al sample. The finer grains mainly 
concentrated in the area around the axis of the sample. Several coarse grains still formed in the 
other area of the sample. In addition, the macrostructure in the sample treated by TMF was 
almost the same compared to the reference sample (without TMF) when the higher purity of 
aluminum 99,9999%Al was employed. It means that no grain refinement initiates under the 
application of TMF if the solute effect (solute fluctuations) is dismissed. The experiment results 
confirm that the solute fluctuations induced by forced flow play a key role in the grain 
fragmentation process. 
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In summary, the macrostructure formation process of samples under the application of TMF is 
really similar to the samples with ECP (see section 4.3.1). Moreover, the experimental results 
using high purity aluminum suggest that the grain refinement in alloys under the application of 
TMF was driven by the solute fluctuations, which is also really similar to the results under the 
application of electric current. Hence, it can be concluded that the same grain refinement 
formation process is caused by electric current and EMS. 
 
 
Figure 5.11: Influence of the TMF on the longitudinal section macrostructure of the solidified 
high purity aluminum samples without forced cooling: Al(99.998%) (a) without TMF, (b) with 
TMF; Al(99.9999%) (c) without TMF, (d) with TMF.  
(c) (d) 
(a) (b) 
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5.4 Conclusions 
It has been shown that the forced flow induced by electric currents plays a dominant role in the 
grain refinement of alloys. Hence, a potential approach to promote the flow intensity was 
developed to improve the grain refinement in solidified Al-7wt%Si alloys when the electric 
parameters were fixed. The electric current distribution was controlled by covering the electrodes 
with electric insulation material. It is found that the higher intensity forced flow and the finer 
grain size were approached by confining the electric current only flowing through the bottom 
surface rather than flowing through the sidewall of the electrodes.  
The macrosegregation in the solidified Al-7wt%Si alloy under the application of electric current 
was examined. It can be observed that the macrosegregation was caused in the samples under the 
application of electric currents. The difference of solute distribution was promoted with the 
increase of the intensity of the forced flow as well as the value of effective electric currents.  
The grain refinement formation driven by TMF was considered. Experimental results showed 
that the grain refinement under the application of TMF mainly occurred during the nucleation and 
recalescence period. The solidification experiments using high purity aluminum indicated that the 
solute fluctuations induced by forced flow drives the dendrite fragmentation. Comparing it with 
the experimental results under the application of electric current (see chapter 3 and 4), it can be 
concluded that both, the TMF and electric current caused the almost same grain refinement 
formation process in solidified alloys.
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In the present dissertation, the grain refinement of solidified Al-7wt%Si hypoeutectic alloy driven 
by electric currents has been focused. Chapter 1 reviews the research motivation, the research 
history and the already achieved knowledge on the electric currents effects and grain refinement 
mechanisms. It presents that the application of electric current in the electrically conducted alloys 
is an efficient approach to reduce the grain size during the solidification process. This subject has 
been extensively investigated in the recent fifteen years. However, many effects of electric 
currents were proposed to play a dominant role in the grain refinement, and there is not a widely 
accepted knowledge on which effect or effects is or are the key to cause the grain size reduction. 
In addition, the grain refinement mechanism under the application of electric currents still does 
not show a consistent picture. Hence, this dissertation is devoted to giving a response to these 
two points. A series of experiments and numerical simulation are designed. Chapter 2 introduces 
the related experimental and numerical simulation methods, including the experimental materials, 
setup, procedure, analysis method of solidified samples and numerical model. 
In chapter 3, the investigation concerns the relevance of electric currents effects to the grain 
refinement. Ultrasonic flow measurements in a low temperature Ga-20wt%In-12wt%Sn alloy and 
the corresponding numerical simulation reveals that a strong electro-vortex flow in the melt can 
be caused by the electromagnetic force from the interaction between the applied current and its 
own induced magnetic field. Both, direct current (DC) and electric current pulses (ECP) were 
applied in the flow measurements. The flow intensity increases with the value of effective 
electric current regardless of the applied electric current pattern. Similarity, the application of 
either direct current DC or ECP at frequencies up to 200Hz leads to the formation of refined 
equiaxed grain structures. The consequences on both, the mean grain size and the area of the 
equiaxed zone in the solidified samples only depend on the effective current intensity. In addition, 
the numerical analysis demonstrates that the electric currents and the induced electromagnetic 
force are concentrated on a small domain beneath the electrodes. Consequently, the shear force 
and the Joule heating do not directly exist in the mushy zone. It means that the forced flow plays 
a key role in the grain refinement formation in alloys during the solidification process. A 
solidification experiments under the application of the travelling magnetic field (TMF) was 
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performed to make a further validation. A similar macrostructure is resulted when the almost 
same flow intensity is caused by both, TMF and electric current. 
Chapter 4 mainly focuses on the origins of equiaxed grains to understand the grain refinement 
formation under the application of electric current. A series of solidification experiments were 
performed in Al-7wt%Si and high purity aluminum to confirm or expel the possible origins of 
grain refinement. The results indicate that the main origin of equiaxed grain for grain refinement 
is from the dendrite fragmentation; the dendrite was fragmented by the solute fluctuations that 
could be caused by the generated forced flow under the application of electric current.  
Chapter 5 performs further researches based on the achieved knowledge in chapter 3 and 4. Since 
the forced flow induced by electric currents play a dominant role in the grain refinement of alloys, 
an approach to improve the grain refinement in solidified Al-7wt%Si alloy was invented by 
controlling the electric distribution to promote the flow intensity under inputting the same electric 
parameters. Moreover, the solute distribution was examined in the solidified Al-7wt%Si alloy 
treated by electric currents on account of the fact that the macrosegregation can be caused by the 
forced flow. It is found that a significant macrosegregation was generated in the sample under the 
application of electric currents. According to the research on the grain refinement formation 
under the application of electric currents in chapter 4, the grain refinement formation driven by 
TMF has also been considered. The performed series of solidification experiments show that the 
same grain refinement formation process is initiated under both, the influence of TMF and 
electric currents. 
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